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1 Introduction 
1.1 Background 
 
The manufacturing of thick-walled composites has problems related to the 
exothermic reaction of the resin. This problem causes not only internal stress but 
also other structural defects. Not only this problem but many others emphasize 
the necessity of improving the understanding of different phenomena occurring in 
the manufacturing process of thick-walled structures [1]. 
 
Manufacturer’s Recommended Cure Cycle (MRCC) is not going to be implement 
because produce peak temperatures and thermal gradients. Both affect the 
structural integrity of the composite and thus a different approach is needed. 
During the RTM process, the mould is usually heated to initiate a curing reaction, 
which is an exothermic resin polymerization phenomenon that cross-links the 
resin and results in a composite structure. 
 
In order to improve the quality of thick composites, processing temperatures 
need to be controlled to minimize thermal gradients throughout the part. This 
means the mould temperature must be lower for thick parts than for thin ones, 
which is one of the goals of the optimisation. The reinforcing fibres are not really 
affected during the process cycle, but the polymer matrix can shrink during cross-
linking, in some cases by as much as 9%. 
 
During processing, different thermal behaviors produce residual stresses. During 
the cure of fibre-reinforced composites, the residual stresses generated can have 
considerable effects on the part quality and on its mechanical properties, 
phenomena like warpage or initiating matrix cracks and delamination can appear. 
The processing of thick composites at a lower temperature should reduce 
thermally induced residual stresses. 
 
In the processing of composite materials by Resin Transfer Moulding (RTM), the 
three key processing parameters are curing time, temperature and pressure. 
Appropriate choice of these parameters will produce a material which is fully 
cured, well compacted and of high quality [2]. 
 
Thermosetting resins are polymerized by applying temperatures and pressures 
for some length of time. The reason of apply pressure during the curing period is 
why excess resin need to be squeezed out of the composite. Internal heat is also 
generated by chemical reactions. 
 
In the literature most of the natural fibre composites studied are produced by 
hand lay-up or press moulding techniques. Very little research is available for 
industrial processes such as resin transfer moulding (RTM). The RTM process is 
commonly used in the aerospace and automotive industry. The process consists 
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of mixing resin with a hardener and injecting at low pressure the combination into 
a mould, which contains fibres. The resulting part is cured at room temperature or 
above till the end of the curing reaction. Several types of resins (epoxy, polyester, 
phenolic and acrylic) can be used for this process as long as their viscosity is low 
enough to ensure a proper wetting of the fibres [16]. 
 
A great number of studies can be found in the literature concerning the RTM 
process. Number of simulations of the mould filling process and cure processes 
are proposed, and many experimental data sets have been presented. The 
knowledge of all the operating steps is very important to obtain high quality parts. 
 
1.2 Objective 
 
The objective of this work is to obtain proper and educated values of thermal 
conductivity of the composite material, study which phenomena appear during 
the manufacturing process and which setting parameters affect to the final 
manufactured plate. 
 
It is necessary to obtain proper and educated values of thermo physical 
parameters of the resin and the glass fiber and study phenomena during the 
manufacturing process. To achieve this goal, some experiments were run at the 
laboratory in order to generate profile temperature data along the through-
thickness of the manufactured plate and volume fraction of the resin (Matrix 
Volume Fraction) and fibre (Fibre Volume Fraction). 
 
The work carried out at the laboratory is going to be focused on the RTM 
experiment. Problems related to the manufacturing process also need to be 
solved, in order to achieve valid experiments and useful data. 
 
With values obtained with the experimental work, simulations are taken over to 
study the behavior of the plate. Solutions given by the model of cure kinetics and 
experimental work need to be compared, in order to generate a value of thermal 
conductivity, which gives the best agreement between them. With MATLAB 
software the simulation of RTM curing process were run, and its verification with 
experiments at the laboratory. 
 
The goal is to obtain an average value of thermal conductivity, and use it in future 
simulations. Also, those simulations behave as a design tool, which helps to 
establish the best process strategy to manufacture thick-walled composites.  
 
The simulation tool COMSOL Multiphysics is going to be used as a tool to 
simulate the behavior of composite parts during the manufacturing process. The 
goal of this part of the work is to generate knowledge about phenomena 
occurring during the process, keys of the manufacture, values of peak 
temperature and times of the overshoots. 
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Models of one, two and three dimensions are going to be evaluated, and models 
of real life structures like T-shaped structures and curved shapes. 
 
1.3 Scope 
 
The second main point is a summary of the papers read before starting the work. 
In the literature review, some explanations about work carried out in laboratory 
can be read. Different models of cure simulation used in the past are also 
explained. Optimisation routines are developed, its objectives and the strategies 
followed. 
 
On chapter three an introduction of the model used to face the simulations and 
the cure kinetic model used can be read. 
 
Chapter number four gives an explanation of the work carried on the laboratory, 
the procedures followed to run the RTM experiment and measurements 
registered during the experiment.  
 
The following chapter, number five, develops deeply the simulations run during 
the analysis work, acquired data at the laboratory and its explanations. (For 
further explanations, go to Appendix). 
 
On the other hand, modelisation process is explained in chapter number six, 
results generated during this part and conclusions obtained along this study. 
 
Final conclusions from the whole work are displayed on chapter seven and future 
work applications of this technique are written on chapter eight. 
 
Last main points of the report corresponds with the appendix. 
 
2. Literature review 
6 
2 Literature review 
 
In this part of the work, appear a summary of the theoretical background acquired 
to face the work. Specialized literature was studied in order to understand 
experimental work done by other research programs, to note about guidelines 
used by other researchers, or get knowledge about constrains in optimization 
routines carried out in the past. Articles from journals, proceeding and internet 
sites were used to introduce in the work. 
 
Therefore, the chapter is going to be divided in three main points. Experimental 
work is going to be raised in the first part, as a second point simulation will be 
explained. To end, optimisation routines are going to be explained. 
2.1 Experimental work 
 
Different configurations have been implemented at the laboratory in other 
research programs. Depending on the experiment, the configuration and 
materials differ from the others. 
 
For fibre reinforced polymer composites, which has a complex manufacturing 
process due to the two different material systems, following layout is 
implemented [3]: 
 
 
Fig. 1. Cross-section of a 140 layer, AS4/3501-6, graphite epoxy, prepreg 
laminate fabrication assembly. 
 
The bagging consist on one layer of release film, two of breathers and one of 
nylon. The cross-section of composite is made of 140 layers of graphite epoxy. 
 
In a work carried out to create an equation model predictive control strategy, for 
an autoclave composite processing, the following process technique was 
implemented [4]. 
 
There is a group of different processing techniques to produce thermoset 
composites, however, only a few are successfully. Historically, manufacturing of 
thick-walled composites has been assisted by autoclave molding process. 
2. Literature review 
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Fig. 2. Composite layup 
 
The vacuum assisted autoclave molding presented above produce composites 
with the following characteristics: 
 
- strong 
- high quality 
- high FVF 
- low void fractions 
- high capital cost requirement autoclave unit 
- process time between 4 and 6 hours 
 
The final composite shape is defined by the picture frame; layers of “prepreg” are 
placed in the mold and become the composite portion of the layup. They are 
sheets of unidirectional fibers impregnated with partially cured resin. Vacuum is 
achieved helped by a sealed and impermeable vacuum bag. 
 
After vacuum achievement, temperature and pressure controls can be initiated to 
start the experiment. Increasing those values, it helps to reduce resin viscosity 
and initiate its polymerization. Also, aids the evacuation of excess resin from 
prepreg to consolidate the laminate. 
 
Having a look into another experiment, the following layout was carried out at the 
laboratory to verify the validity of simulation. The unidirectional glass/epoxy 
prepreg used in this work was UGN150. Dimensions of laminate are 100 mm x 
100 mm x 20mm. Its final thickness is 15 mm, and it is covered by the cault plate 
and dams, and all is covered by the release film. [10] 
 
The assembly is bagged with a standard nylon bagging flim and cured in an 
autoclave with the conventional cure cycle: 
 
- first stage: consolidation at 80˚C, with the rate of 4˚C/min and kept for 30 
min. 
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- second stage: full cure at 125˚C, with the rate of 3˚C/min and kept to 120 
min. 
 
 
Fig. 3. Schematic diagram of experimental setup. Mold assembly 
 
Thermocouples are installed each at the 10th ply above the bottom, at the centre 
of the laminate and at 10th below the top of the laminate. 6 thermocouples are 
installed inside the laminate. Figure 3 shows the measurement points. 
 
For calculation of thermal dispersion term and local heat transfer coefficient 
between resin and fibre, experiment of non-isothermal mold filling were 
conducted using a non-reactive fluid called palatinol. [5] 
 
 
Fig. 4. Schematic of experimental setup and thermocouple distribution 
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There is a mould cavity of 21 cm x 7.63 cm x 0.8 cm. 14 thermocouples are 
placed at different locations which measure the temperature distribution in that 
cavity. Also, are going to measure temperatures at the mould. To prevent resin 
leakage, the entire assembly was clamped by a group of screws. 
 
The mold wall temperature is achieved by a temperature controller, and heat loss 
problem was solved by covering with an insulating layer. A hydraulic cylinder 
controls the fluid injection at a constant flow rate. 
 
Data acquisition was carried out by a group of thermocouples connected to a 
computer data acquisition system. Temperature data was acquired continuously 
until several minutes after the mold was filled. 
 
A similar implementation has been carried out to obtain data for a finite element 
modeling. This time, work was done with natural fibre. There were randomly 
oriented and the resin solution was circulated to impregnate the fiber with the 
solution. A release agent was prayed over the metallic mould before applying the 
ten prepreg plies inside the mould. 
 
To verify the modeling, 5 temperatures were measured through the experiment 
and compared with the numerical results. [6] 
 
 
Fig. 5. Schematic diagram of the experimental set-up 
 
Figure 5 illustrates the schematic diagram of the implemented set-up. 
Thermocouples are placed at different locations inside the mould. Its temperature 
was set to 175˚C and kept for 25 min under constant pressure. 
 
This other experiment shows the layup implemented to carry out the experiment. 
Also here, prepregs need to be placed on a smooth tool surface in a 
predetermined fibre orientation for each layer. The bleeder is an absorbent 
material placed on both sides of the composite. And the Teflon porous layer is 
2. Literature review 
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installed in order to make easier the removal procedure. A metal lid covers the 
bleeder, and an air breather is placed on top of the lid. To finish the complete 
assembly, a plastic vacuum bag cover was used. Experience says that, for thick 
laminates, the understanding of the occurring consolidation and curing process is 
critical to guide the composite manufacturing prerequisites [7]. 
 
 
Fig. 6 Cross-section the composite lay-up 
 
The exothermic reaction produces hot spots, which can affect to resin distribution. 
The control of resin flow is not that easy, because is a function of the temperature 
and reaction kinetics. Combination of low thermal conductivities and large 
thickness yields lower temperatures in the core than in regions close to the 
borders, it leads in a limited flow on the centre and because of the high viscosity. 
 
In a work carried out to calculate the DOC (degree of cure), a bag-moulding 
process was implemented. As can be seen in the process explained above, is 
almost the same process. And is the most common technique used for curing 
composites. An advanced fiber-reinforcement composite was used on that 
experimental work. The prepreg is a ready-to-mould thin sheet of fibres uniformly 
impregnated with a partially cured polymeric matrix. This setup is similar to the 
one explained in figure 6. 
 
Looking into another configuration, vacuum-assisted resin transfer moulding 
(VARTM) is going to be explained. It is an open-mould polymer-matrix composite 
manufacturing process. [8] 
 
 
Fig. 7. Schematic of the vacuum-asisted resin transfer molding process 
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This procedure, widely used in industry since years ago, is based on the use of a 
single rigid mould with a layup of fibre-reinforcement and assembled with a 
vacuum bag. 
 
Procedure starts when the preform is infiltrated with resin using vacuum pressure, 
then the mould is heated in order to obtain the curing of the resin. Advantages of 
this procedure are the following: 
 
- low tooling cost 
- low emission of volatile organic chemicals 
- processing flexibility 
- low void-content in parts 
- potential for fabrication large parts 
 
In summary, there are two types of VARTM depending on the type of resin 
distribution system used. 
 
 
Fig. 8. High-permeability medium based system, grooves based system 
 
Most critical stage of this procedure is the resin infiltration step. Ideal case should 
have a complete resin infiltration in a short period. 
 
For the simulation of the curing process in a RTM of natural fibre reinforced 
composites, a system was implemented to work in the data acquisition of a RTM 
process. [9] 
 
 
Fig. 9. Diagram of RTM equipment 
2. Literature review 
12 
The mould, was done in aluminum, and has two inlet connections in the low part. 
There is a vent or outlet connection placed in the upper part. The mould is kept at 
constant pressure by water flowing inside its upper and lower section. 
Temperature is controlled by a temperature controller connected to a 
thermocouple and an immersion heater. The thickness of the plate is defined by 
a frame placed between the upper and lower mould sections, and can be 
modified in further experiments. 
 
Getting in touch with another experimental work, a smart autoclave processing 
was implemented to find a curing process optimization technique to minimize 
local temperature increase and residual stress. For this experiment, the carbon 
fibre/epoxy resin prepreg called MR50K/#982. [11] 
 
 
Fig. 10. Layup of implemented assembly 
 
The control of the composite parts temperature is made by the thermocouples 
fixed to the plies and with the insulation of the bag film. Peak temperature can be 
lowered by decreasing the temperature ramp rate, but introduces an extra time 
during curing which makes the experiment longer. 
 
The next experiment was run to verify the validation of simulation of the cure 
process. The carbon/epoxy prepreg used in this work was T300/HD03. The 
prepreg plies were stacked to the tool plate, then is covered by the release film. A 
standard nylon bagging film covers the entirely assembly, and has the following 
appearance. [12] 
 
 
Fig. 11. Typical layup of an autoclave composite implementation 
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2.2 Cure simulation 
 
Resin Transfer Moulding is an efficient process for high performance composite 
material with low cost manufacturing. The composite cure stage in the process is 
characterized by the process of the exothermal cure reaction activated by the 
conductive heat transport from the heated mold walls. During this process, the 
liquid resin releases the heat. The degree of cross-linking is referred to as a 
degree of cure. 
 
There have been many studies on the curing of thick thermoset matrix 
composites. Bogetti and Gillespie developed a two dimensional cure simulation 
analysis of thick thermoset composites and predicted the temperature and 
degree of cure distributions. 
 
In most of previous studies, temperature and degree of conversion were 
predicted correctly helped by one-dimensional finite different analysis or two 
dimensional finite element analyses. 
 
A modeling of the curing process for thermosetting composites was first 
presented by Loos and Springer (1983), and also basing in physical laws, they 
presented a model developed by a thermochemical flow model. Lindt presented a 
consolidation model based on lubrication theory, Gutowski and Dave presented a 
squeezed-sponge three dimensional flow model with coupled vertical and 
horizontal directions and one dimensional consolidation of the composite. 
 
The models which are going to be used in the future should be capable of 
providing information on temperature, pressure, degree of cure of the resin, and 
resin viscosity, in terms of spatial distribution within the composite and time 
development. 
 
This chapter explains in detail models used in other research programs. 
 
2.2.1 Available models 
 
A modeling of the curing process for thermosetting composites was first 
presented by Loos and Springer (1983). Other authors have been investigating 
different aspects of the modeling.  
 
There is a model that combines two equations. First one describes the energy 
balance, which includes both the conductive term and cure reaction contribution: 
 
2
2
(1 )c pc zc r r f
Tc Tc
C k H V
t z
ρ ρ α∂ ∂= + −
∂ ∂
&
 
Equation. 1 
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Where suffices r, f and c refers to the properties of the resin, the fibres and the 
composite respectively. Other parameters are explained below: 
 
rH = Heat generated by the curing reaction 
α =& Rate of reaction 
fV = Fibre Volume Fraction (FVF) 
ρ = Density 
Cp = Specific Heat Capacity 
k = Thermal conductivity 
 
Thermal conductivity values are important because they manage the relation and 
heat transfer behaves between mould and resin. 
 
Second equation couples with the first one. It is related to the resin kinetic model 
that describes the rate at which the cures. At the same time, is a function of the 
degree of cure, time and temperature: 
 
2
2
(1 )r r fc zc c
c pc c pc
H VT k T
t C z C
ρ
α
ρ ρ
−∂ ∂
= +
∂ ∂
&
 
Equation. 2 
 
( , , )
d
f t T
dt
α
α α= =&  
Equation. 3 
 
As can be seen, the equation number 2 is characterized by three different terms, 
the change in internal energy of the composite is in the left side, the conduction 
of heat through the composite and the generations of heat within the composite 
due to the exothermic reaction are in the right side. 
 
For the model of one equation, and with the assumption that the thermo-physical 
properties of the resin and composite are considered to be independent of the 
degree of cure, the transient non-isothermal heat transfer is governed by the 
following equation: 
 
( )c c xx r r R
xx xx
T
Cp K V H
t
αρ ρ∂ ∂ ∂= −
∂ ∂ ∂
 
Equation. 4 
 
Where
cρ , cCp  and iiK are density, specific heat capacity and thermal conductivity 
of the material in three orthogonal directions, respectively. The right side of the 
equation corresponds to the internal heat consumption sink term, and it can be 
directly related to the rate of cure, ignoring the effect of resin flow in the material. 
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Here, 
rρ is the density of the resin, rV is the resin volume fraction of the 
composite, and 
RH is the total heat of reaction, and α is the degree of cure. 
2.2.2 Submodels: Material parameters 
 
For the study of the resin cure, a heat conduction equation is used. But, some 
submodels are necessary to obtain values of thermo-physical parameters from 
resin and fibre. Depending on the case of study, some submodels are 
implemented. 
 
Values of density and specific heat capacity can be obtained by calculations 
given by the product provider, but those parameters are related to the 
temperature, that means to the state of the resin. It is necessary to introduce 
fixed values in the calculation to start the work and find an educated value for 
each one. 
 
The rule of mixture was used in some research programs to obtain the effective 
properties of the composite. Values of density and specific heat capacity were 
calculated using this equation: 
 
r r f fCp Cp w Cp w= +
%
 
Equation. 5 
 
r f
r r f fw w
ρ ρρ
ρ ρ
=
+
%
 
Equation. 6 
 
Also, thermal conductivity of the resin can be calculated by this rule, and is 
related to the weight volume fraction. The relation is given by these two 
equations: 
 
r f
r r r r
k k
k
k w k w
=
+
%
 
Equation. 7 
 
/
( / ) (1 / )
f
r
f r
w
φ ρ
φ ρ φ ρ= + −            (1 )f rw w= −  
Equation. 8 
 
Where φ is the porosity and rw , fw denote the weight fractions of resin and fibres, 
respectively. 
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This way of calculation can be assumed to be valid for the physical and thermal 
properties of the composite. But, for the transverse conductivity, the Tsai-Halpin 
model was used: [13] 
 
( )
( )
f m f m f
m f m f m f
k k k k Vk
k k k k k V
+ + +
=
+ − −
 
Equation. 9 
 
For a finite element nodal control volume, the change in material properties as 
thermal conductivity can be calculated using the following equation:[14] 
 
1
[(1 ) ]
f r
u s
c f T r T r
m m
k k k kα α
= +
− +
 
Equation. 10 
 
Where ( )ff f
c
m v
ρ
ρ
= , 1r fm m= − , and superscripts u and s represent uncured and 
fully cured resin respectively. 
 
The Springer-Tsai model can also be used to calculate the ratio that relates the 
transverse and longitudinal thermal conductivity coefficient: 
 
( )
( )2
1
2
1 /1 4
1 2 tan
1 /1 /
ffT
L ff
B VV
B B VB V
piλ
piλ pi pipi
−
 
− 
 
= − + − 
   +
−   
 
Equation. 11 
 
Where ( )( )2 / 1r fB λ λ= − , fV is the fibre volume fraction, rλ is the conductivity of 
resin and fλ is the conductivity of the fibre. 
 
On the other hand, to obtain the thermo-physical properties of the composite in a 
work of finite element modeling of polymer curing in composites, the following 
equation were used. Densities of cured and non-cured resin were measured; 
density of composite can be calculated by the rule of mixture. The variation of the 
fibre’s heat capacity can be fitted quite well by a polynomial of the second order: 
[15] 
 
2
1 2 3pfC CT C T C= − +  
Equation. 12 
 
Where T is the absolute temperature. For the resin heat capacity, the following 
equation was used: 
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0.0149 0.459prC T= +  
Equation. 13 
 
Also, the heat capacity of the composite should be calculated to predict the 
temperature variations in the composite. The heat capacity is required, rule of 
mixture as follows was used: 
 
( ) ( )* ( )*(1 )pc pf f pr fC T C T v C T v= + −  
Equation. 14 
 
Where 
fv is the volume fraction of the fibre. 
 
For thermal conductivities calculation, the transverse value for the composite, tK , 
was applied the thermal-electrical analogy technique for elliptical filaments and 
square packing array unit cell model, which can be expressed as follows: 
 
2 2
2 21 1/ / 2 / lnt
m
K d d c
c d c d d c
K c
pi
+ −
= − + − −  
Equation. 15 
 
Where 
mK is the thermal conductivity of the matrix. 
/ / 2fc vpiµ= , (1/ 1)d µ β= − ,and /f mK Kβ = . Where µ is the geometry ratio of 
the filler ( / )a bµ = , where a and b are the axial lengths of the ellipse along the x-
axis and y-axis, respectively, fv is the fibre volume fraction of the composite and 
fK is the conductivity of fibre. 
 
In another research work where an experimental approach of the heat transfer of 
fibre in RTM, the heat transfer coefficient k may be dependent on: [17] 
 
- type of the fibre 
- type of the resin 
- degree of filling g  
- thickness of the cavity d  
- fibre volume fraction 
Fc  
- flow velocity wof the resin 
 
( , , , , )fk f materials g d v w=  
Equation. 16 
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The heat between two points at different temperature can be transported by 
conduction, convection and radiation. For typical temperatures as applied in 
liquid composite moulding radiation is not relevant. Therefore, the effective 
thermal conductivity can be expressed as follows: 
 
*(1 )c d ck k k k x= + = +  
Equation. 17 
 
Where dk is the thermal dispersion parameter and x expresses the influence of 
dispersion on thermal conductivity. 
 
For another study of numerical modeling of mold filling and curing, the Chang’s 
model was used to calculate the composite thermal conductivity:  
 
(2 ) / 1
2 /
f s fe
f f s f
k kk
k k k
ε
ε
− +
=
− +
 
Equation. 18 
 
But, can also be find the simplest alternative for a two-component composite. If 
we assume that materials are arranged in either parallel or series with respect to 
heat flow, the upper or lower bounds of effective thermal conductivity can be 
calculated. For the parallel conduction model: [18] 
 
(1 )* *c m fk k kφ φ= − +  
Equation. 19 
 
Where c is related to composite, m to matrix, f to filler and φ to volume fraction of 
the filler. 
 
For a series conduction model: 
 
1 1
c m fk k k
φ φ−
= +  
Equation. 20 
 
Those equations can be applied for different distributions, e.g., for a parabolic 
distribution the following modifications were done to apply the model above: 
 
( ) ( )
1 1 12ln
( )[ ( )] ( ) ( )
2
m f m f m
c mf m m f m
m f m f m
B
k B k k C k k
B
Bk kC k k k B k k k B k k C k k
+ − + −
−
= × +
− + − + − − −
 
Equation. 21 
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Where for both equation: 
 
3 / 2B φ=                 4 2 /(3 )C φ= −  
Equation. 22 
 
 
Fig. 12. Parabolic distribution of the discontinuous phase 
 
Other researchers, Lewis and Nielsen modified the Tsai-Halpin model in order to 
introduce the shape of the particles and the orientation or type of packing: [19] 
 
1
1
c m
AB
k k
B
φ
φψ
 +
=  
− 
 
Equation. 23 
 
Where: 
 
1
f
m
f
m
k
k
B
k
A
k
−
=
+
 
Equation. 23 
 
2
1
1 m
m
φψ φφ
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2.3 Optimisation routines 
 
The optimisation routines of the composite cure process consist on fitting the 
characteristics to obtain the best manufacturing process on thick composites. 
Parameters like thermal gradients, final degree of conversion (DOC) or the length 
of the whole process need to be the fittest if a good optimisation wants to be 
achieved. 
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Some methodology was followed in the past by other research programs in order 
to minimize thermal gradients, make the experiment shorter or increase the final 
quality of the plate. Some of them are going to be explained on this chapter. 
 
2.3.1 Minimization of temperature gradients 
 
One of the goals of an optimisation is to predict and control thermal gradients 
during the RTM experiment, especially at the instant the resin gels and solidifies. 
When the plate is covered by the mould, the variables that can control to drive 
the process towards a controlled scenario are the cure chemistry or the 
adjustment of the mould wall temperature boundary conditions. A prediction of 
the mould wall temperature history gives the opportunity an uniform activation of 
the cure reaction along the plate. If the mould is filled under uniform pressure, it 
simplifies the analysis because the temperature filling history does not affect the 
temperatures profiles during composite consolidation; therefore, the temperature 
only varies along the thickness direction. 
 
The following figure explains the procedure applied in one case of study: [20] 
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Fig. 13. Flow chart of the optimisation 
 
After increasing the mould temperature, possible thermal gradients across the 
thickness of the plate need to be observed. In case of they appear, it is 
mandatory to impose a new mould wall temperature profile and the introduction 
of a flat plateau. Values of maximum wall temperature and time of the plateau 
can be set by employing a methodology based on the rate of energy balance 
principle. 
 
Q = H (t)dt
0
tw
∫  
Equation. 25 
 
in which 
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H ( t) =
kzc
δ / 4 (Twall − TD )
 
Equation. 26 
 
Where tw  is the duration of the conductive heat flow applied to the mould. And TD  
is the temperature of the location at 25% of half of the thickness from the wall. 
Once Q is defined, the maximum temperature increase needs to be obtained as 
follows: 
 
∆T = Q
(ρc p )cδ
 
Equation. 27 
 
Finally, maximum temperature in the mould walls comes from the expression 
∆T + (T0 + ∆Ta ). The plateau is introduced at T1, when the contribution of the heat 
from the reaction is insignificant. The duration is set to amount of time that allows 
the composite to achieve temperature values across the thickness that is close to 
each other. 
 
The last figure shows two ramps along the profile temperature. During the first 
one, the reaction rate is small, tR is high and A /B >1. In the second region, tR is 
small due to the high reaction rate hence A /B is small. Therefore, in the first 
region the conductive heat transport is quite big compared to the polymerisation 
reaction. On the other hand, in the second ramp, the reaction contribution 
becomes more significant. 
 
Reading back, for a given temperature firstly, (T0 + ∆Ta + ∆T)−T1, the slope of the 
ramp which needs to be applied is defined by the time the reaction takes to reach 
the peak at its centre, related to a high rate of curing. In this way, lower thermal 
gradients are expected. 
 
2.3.2 Prediction of temperature overshoots 
 
It is interesting to add in a conventional cure cycle the possibility of prevention in 
case of being a temperature overshoot. Those phenomena yield quality 
degradation and increases the process time if the want to be solved. 
 
One of the most important goals of the optimisation is to obtain a high quality 
product characterized by a full consolidation. To achieve this target, the required 
time for full consolidation needs to be calculated. By an analysis carried out in the 
research work this time can be obtained. [10] 
 
In order to prevent temperature overshoots, steps of cooling and reheating were 
introduced into the profile temperature of the cure cycle. Need to taken into 
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account, that temperatures at bottom and top of the plate suffer less overshoot 
compared with the middle part, but for a proper optimisation, it should be 
conducted considering all the inside temperatures of the laminate. 
 
Following variables are necessary for the design: 
 
X = (Tcs,Tce ,The,tcs, tce,the)  
Equation. 28 
 
 
Fig. 14 
 
In order to obtain the optimum value for the figure above, the target temperature 
was chosen as the temperature in the laminate calculated without exothermic 
reaction, and the objective function is defined by the following equation: 
 
Objective function = (Ti
t
−Tiref
t )2
t= 0
t= tend
∑
i=1
n
∑  
Equation. 29 
 
Where the X  vector, which minimizes the objective function, is the objective. The 
equation above is subjected to Xmin ≤ X ≤ Xmax and Tit ≤ Tg∞  and where i , n and t  
are the node number of the laminate, total node number and elapsed time 
respectively. Finally, Tref  and Tg∞  are the target temperature and glass transition 
temperature for fully cured resin, respectively. 
 
For this work, an optimisation technique provided by ANSYS was used to solve 
the problem. The following figure compares results obtained after its optimisation: 
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Fig. 15. Temperature profile at the centre section 
 
 
Fig. 16. Temperature profile at the side section 
 
Six points were obtained during the simulation, and the comparison is done 
between those values and the experimental ones. The temperature overshoots at 
the midpoint as well as the top and the bottom are negligible, and profile 
temperatures have a well agreement with the experimentally obtained. 
 
2.3.3 Isothermal step in the thermal profile optimisation 
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Usually, a thermal profile involves a heating up step followed by a plateau 
isothermal segment, and can be characterised by two parameters: 
 
- the ramp up rate 
- the isothermal temperature, subject of the optimisation 
 
In a research work of inverse heat transfer, this goal was studied to achieve the 
optimisation.[21] The fitness function gives the parameter values, which reduce 
the duration of the curing stage (isothermal temperature step), but at the same 
time increases the time to reach a conversion of 0.84. The implemented function 
is the following: 
 
Fitness =
1
tc
 
Equation. 30 
 
which is subject to the constraint: 
 
  
dT
dz max
< 2.5oC /mm
 
Equation. 31 
 
for α > 0.6 
 
Constrain is related to the fractional conversion when the material has reached 
the rubbery state and the residual stress can build up. Also, maximum thermal 
gradients need to be kept lower than in other experiments. 
 
This algorithm is considered to have converged when the individuals of a 
generation have very small variation, i.e. the average percentage difference 
between the members of the population and the average is lower than 0.5%. The 
following figure compares results obtained in conventional profiles and optimised. 
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Fig. 17 
 
2.3.4 Reduction of stresses and cycle time 
 
The minimization of the mould filling and the curing time reduce the consumption 
of energy during the process. Of course, the election of the fittest parameters 
leads in the following characteristics: 
 
- minimum number of defects in the final plate 
- less delamination 
- less warpage 
 
Those characteristics are shared in all the optimisation goals explained before, 
but one is added to the list, reduction of cooling stresses.  
 
An optimisation routine should be based in an algorithm based as well on the 
physics of the curing process in order to provide educated results. Then, a 
objective function is the target of the optimisation routine to reduce internal 
stresses. This function is constructed from physical information on the cure and 
temperature gradients, cure and cooling stresses, cycle time and maximum 
allowed exothermic temperature [22]. To achieve the minimization of the function, 
a strategy based on a Genetic Algorithm (GA), were used. 
 
The following figure is the flow chart of the work process: 
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Fig. 18. Flow chart of the optimisation 
 
Seven functions are used as partial objectives before the minimization of the final 
fittest function. Those function are listed below: 
 
(1) Maximum final extent of cure 
(2) Minimum processing time 
(3) Minimum exothermic peak temperature 
(4) Minimum curing internal stresses 
(5) Minimum cooling stresses 
(6) Constant through-thickness degree of cure at After Gel Point (AGP) level 
(7) Minimum through-thickness curing gradients after AGP level 
 
The optimisation was carried out with procedures from Evolutionary Algorithms 
(EA), which are characterized by: 
 
- low convergences rates 
- possible huge amount of evaluations required 
 
Gauss-Sigmoid fitness function was used in order to increase the learning speed 
of EA. Also, sub-objective functions were written varying from 0 to 1 to increase 
the convergence rate. 
 
Also, an important goal always in mind is the maximisation of the degree of 
polymerization to obtain good mechanical properties. Hence, a minimum value of 
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degree of cure αmin  needs to be reached before cooling stage. A value of αmin is 
required to be set before the start of the optimisation. 
 
1. Maximum final extent of cure 
 
The objective function of the final resin cure is written below: 
 
J fc =
A fc
B fc + e
−g fc
    with  g fc =
C fc
(αult −αmin )
 
Equation. 32 
 
where αult  is the final degree of conversion (i.e. αult = 0.95). Parameters A fc , B fc  
and C fc  are coefficients of sigmoid function. 
 
α last  is the final degree of conversion, which value goes from 0 to αmin . The 
following figure shows how the sigmoid function permits to increase the learning 
speed of the algorithm used. 
 
 
Fig. 19 
 
At the end of the sigmoid line, can be seen that the value of J fc =1, because a 
final degree of cure below αmin  is not appropriate. 
 
The objective function decreases with values of α last = αmin  to α last =1  in a 
Gaussian form. On this algorithms, sigmoid function returns low survival 
probability of the variables used for the design if α last ≤ 0.6 , thus increasing the 
convergence for α last > αmin . 
 
2. Maximum exothermic peak temperature 
 
This part of the optimisation assures the obtaining of the high enough exothermic 
peak temperature to degradate the resin. This following function tries to control 
the cancelation of polymer degradation: 
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JTmax =
ATmax
BTmax + e
−gTmax
   with  gTmax =
(Texot −Texot
min )
(Texot
max
−Texot
min )
CT max  
Equation. 33 
 
where Texot  is the exothermic peak temperature, Texotmax  is maximum value allowed 
and Texotmin  is the minimum value desired (i.e.   Texotmin =120oC ). 
 
3. Cross-over at after gel point objective. Minimization of cure cycle time 
 
It is experimentally demonstrated that mechanical properties begin to develop 
after the resin has reached an important degree of polymerization. The time 
before the resin starts its polymerization induces an increment in the cure cycle 
time. The minimization of this time results in a cure cycle time minimization. At 
the same time, degree of cure should be closed to the AGP level to reduce curing 
stresses. 
 
JAGP =
AAGP
BAGP + e
−gAGP
+ DAGP          gAGP = CAGP
α surface
AGPcore
−αAGP
αAGP
 
 
 
 
 
 
2
 
Equation. 34 
 
where αAGP  is the degree of cure at the AGP, and α surfaceAGPcore is the degree of cure at 
the part surface when the core reaches the AGP level. 
 
4. Reduce curing stresses. 
 
The variations of chemical shrinkage through the thickness of the part are 
proportional to changes in the resin degree of cure along the through thickness 
direction. Hence, the chemical shrinkage and the mechanical properties of the 
resin should increase uniformly through the thickness, if a curing stress reduction 
wants to be obtained. For a desired degree of cure in the centre, the cure 
difference between the surface and the centre can be computed as follows: 
 
Jcure =
Ac
Bc + e
− jcure
       jcure =
gc
i
i=1
Np
∑
Np
 
Equation. 35 
 
gc
i
=
Ac
Bc + e
−Ccτ c
+ Dc       εc
i
=
α surface
i
−αcore
i
αAGP
1/ 2
 
Equation. 36 
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where α corei  is the desired degree of cure in the core, α surfacei  is at the surface at 
time i  and Np is the number of points in the α corei  discretization. 
 
5. Curing and cooling down stress reduction 
 
Curing stresses can be considered as the maximum internal stresses. If the 
process is not thermally balanced through the thickness, differential material 
contractions will create internal stresses. Under these two assumptions, cooling 
stresses can be minimized: 
 
- low curing temperature 
- small cooling ramp 
 
The objective function is written below: 
 
Jstress =
Astress
Bstress + e
CcoolingSTW
L        Jcooling =
Acooling
Bcooling + e
CcoolingSTW
L  
Equation. 37 
 
where STWL  is the minimum Tsaï-Wu safety factor at layer L  (the Tsaï-Wu safety 
factor theory for composites is implemented). 
 
6. Processing time objective 
 
The goal knowledge is considered to identify a target cycle-time for a given part. 
The following cuadratic form is: 
 
J time=
Tcycle
tcycle
exp
 
 
 
 
 
 
2
 
Equation. 38 
 
where tcycleexp  is the expert desired cycle time and tcycle  is the calculated cycle time 
for a given set of design variables. 
 
7. Final function 
 
The objective group of functions need to be evaluated all together. The degree of 
success of a set of design parameters can be quantified by a weighted function 
of these objectives. The cure cycle optimisation is presented below: 
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Fig. 20 
 
The sigmoid function to minimize is: 
Ff (Vd) =
A f
B f + e
−FωC f
+ Df  
Equation. 39 
 
Fω = ω fcJ fc + ωTmax JTmax + ωAGPJAGP + ωcureJcure + ω stressJstress + ωcoolingJcooling + ω timeJtime  
Equation. 40 
 
subject to Vd ∈ Cs 
 
where Ff (Vd) is the fitness function to be optimized, parameters Cs represents 
constrains of the design vector, ω  are the weighting coefficients for each sub-
objective function implemented. 
 
Finally, to minimize the fitness function Ff (Vd), an optimisation algorithm called 
Logical Evolutionary Curing Optimization and Quenching (LeCoq) was developed. 
Following figure shows the flow of LeCoq code: 
 
2. Literature review 
32 
 
Fig. 21. Flow chart of LeCoq 
2.3.5 Cure cycle optimisation with genetic algorithm 
 
In another research work, the internal stresses generated during the resin cure, 
were tried to minimize. Hence, the degree of polymerization through the 
thickness should remain constant at each instant. Also, some parameters were 
considered to decrease curing stresses: 
- minimization of chemical induced strain gradients 
- minimization of through-thickness thermal gradients 
 
Working on the manufacturing of a plate of 15 mm thickness, these are results 
obtained during the simulation: 
 
 
Fig. 22 
 
Having a look into the temperature profiles can be seen that curing temperature 
can be higher without really increasing the exothermic peak, which can deny in a 
reduction of time (goal of the optimisation). The internal stresses are showed on 
the right figure. Around minute 24, the internal stresses grow up especially in 
regions closed to the boundaries (top, bottom and ¼ thickness) during the 
polymerization of the resin. Focuses of internal stresses are placed. 
 
Next figures show the calculation and results obtained by the application of an 
optimisation methodology based on the genetic algorithm. [4] Focusing on the 
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optimisation of the mould temperatures. First one shows the numerical results 
obtained in a 15 mm thickness of internal temperature and degree of conversion. 
The second one illustrates how curing and cooling stresses are reduced by the 
approach. Those profile temperatures belong to the evolution of the curing in the 
plate from inside to outside cure scenario. 
 
  
Fig. 23 
 
In the profile temperature figure, the initial overheating at the end of the first ramp 
helps to decrease the processing time and minimize the through-thickness 
thermal and curing gradients. To obtain the objective degree of conversion, the 
second ramp to reheat up the mould is necessary, and avoids high exothermic 
temperature peaks. Those peaks appear during the second ramp and before its 
end (in surface and middle thickness). The figure in the right shows the internal 
stresses measured. Making a comparison with the stresses obtained in the 
previous simulation, cooling and curing stresses are significantly reduced by the 
numerical optimisation of the thermal boundary conditions. 
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3 Cure kinetics model 
3.1 Cure kinetics 
 
The models are used to make a comparison between experimental and 
simulation. Data collected from the experiments carried out at the laboratory are 
faced to the solution given by the model and a comparison can be made. These 
experiments have been performed for cure kinetics, specific heat capacity and 
density of the resin. 
 
Four different cure kinetics models are available to compare results. Results 
obtained at the laboratory were run on simulations with all cure kinetics of 
bicomponents RTM6 system. These tests were conducted at two different 
laboratories, National Research Council Canada (NRC) and Delft University of 
Technology (TUD) [23]. 
 
At NRC some experiments were performed to calculate the total heat for different 
heating rates, to determine the residual heat and the fractional conversion and to 
determine the instantaneous glass transition temperature. 
 
Besides, at TUD experiments were also run to calculate the total heat for different 
heating rates and the heat released during curing. 
 
At the NRC, the fractional degree of conversion is determined by the following 
formula: 
 
Fractional degree of conversion = (Total heat – Residual heat) / Total heat 
 
Some plots of experimental results are done in each experiment: 
 
- Figure 1: Fractional degree of conversion vs. time 
- Figure 2: Instantaneous glass transition temperature vs. time 
- Figure 3: Instantaneous glass transition temperature vs. fractional degree 
of conversion 
- Figure 4: Modified fractional degree of conversion vs. time 
 
Figure 26 is a combination of plotting the instantaneous glass transition 
temperature vs. the fractional degree of conversion. In the same plot the results 
of fitting to the diBenedetto equation is shown. Furthermore the model of the 
monocomponent RTM 6 resin system is also shown. 
 
The DiBenedetto equation is given as: 
, ,0
,0
( )
1 (1 )
g g
g g
T T
T T λ α
∞
−
= +
− −
 
Equation. 41 
3. Cure kinetics model 
35 
0 50 100 150 200 250
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Time [min]
De
gr
ee
 
of
 
co
n
v
er
si
on
 
[-]
 
 
140C
151C
160C
180C
outliers
 
Fig. 24 
0 50 100 150 200 250
0
50
100
150
200
Time [min]
G
la
ss
 
tra
ns
iti
on
 
te
m
pe
ra
tu
re
 
[°C
]
 
 
140C
151C
160C
180C
outliers
 
Fig. 25 
3. Cure kinetics model 
36 
 
Fig. 26 
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Obtained data is analyzed at NRC guided by the following guidelines: 
 
- Each measurement is been performed for the unreacted resin system (to 
determine heat flow) and for the reacted resin system (to get a baseline). 
- The baseline heat flow was subtracted from the measured heat flow during 
reaction. 
- The reaction rate was obtained by dividing the heat flow by the sample 
mass and total heat of reaction. 
- By integrating the reaction rate degree of conversion was obtained. 
- It should be noted that some ‘beautifying’ was needed for the initial part of 
the curves. By plotting the LN (dα/dt) as a function time, the first part of the 
curve becomes linear. Using a linear extrapolating function the curve was 
extrapolated t=0min. 
- Starting point is determined by extrapolating the heating ramp to the 
isothermal cure temperature. 
- It should be noticed that he cure temperature was not instantaneously 
reached. It takes up to 5 minutes to reach the cure temperature. An initial 
difference of 3.5˚ was observed. 
 
Some plots of experimental results are done in each experiment: 
 
- Figure 2: Temperature difference vs. time 
- Figure 3: Reaction rate vs. time 
- Figure 4: Degree of conversion vs. time 
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If we compare data sets, a difference can be seen easily. The lower the cure 
temperature the larger the time gap between the two sets of experiment. Also, 
some effects can be causing a deviation.  
- Difference in heating rates (100˚C/min (NRC) vs. 25˚C/min (TUD)) 
- Stabilisation problem with TUD experiments 
- Choice of starting point 
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For the modeling of the cure kinetics 4 models were implemented. 2 of them are 
from NRC and the other 2 from TUD. It is going to be explained each one 
 
Model 1 TUD DATA: It is based on the Kamal-Sourour equation: 
 
1 2( )(1 )
m nd K K
dt
α
α α= + −  
Equation. 42 
 
In which: 
exp( )      for 1,2ii i
E
K A i
RT
−
= =  
Equation. 43 
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Plot natural logarithm of the reaction rate as a function of the reciprocal of 
reaction temperature at low degree of conversions give a linear relation in which 
the slope equals 1E
R
−
 and the starting value is 1( )LN A . 
The procedure starts with the calculation of the vitrification for each test, continue 
with plotting natural logarithm of reaction rate as function of cure time. Fit 
parabolic equations left and right of vitrification region is necessary to determine 
the intersection. 
 
Some plots of experimental results are done in each experiment: 
 
- Figure 1: Parameter estimation 
- Figure 2: Model 1: reaction rate vs. time 
- Figure 3: Model 1: degree of conversion vs. time 
- Figure 4: Model 1: reaction rate vs. degree of conversion 
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As can be seen, the Kamal-Sourour estimates pretty well the cure kinetics of the 
bicomponent RTM 6 resin system. However, only a function has to be added for 
the vitrification region. 
 
Model 2 NRC DATA: This model is also based on the Kamal-Sourour equation: 
 
1 2( )(1 )
m nd K K
dt
α
α α= + −  
Equation. 44 
In which:a 
exp( )      for 1,2ii i
E
K A i
RT
−
= =  
Equation. 45 
 
Making a comparison can be seen that there is a clear difference between the 
two sets of experiments. In this way, the coefficients of the Kamal-Sourour 
equation will also differ. 
 
Parameters: E1 A1 E2 A2 m n R 
 [kJ/mol] 10
3
 [1/s] [kJ/mol] 10
3
 [1/s] [-] [-] [J/(mol-K)] 
 73.26 36.05 57.49 17.63 1.1818 1.1886 8.314472 
Table. 1 
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Equation. 46 
 
Model 3 TUD DATA: On that case, Kamal-Sourour equation needs to be 
extended in order to include the diffusion-controlled region. The model that has 
been used for the monocomponent RTM 6 resin system will also is used in this 
case. That is: 
 
Modified Kamal-Sourour:                1 2
1 2
( )(1 )m nd d
d d
K K K Kd
dt K K K K
α
α α= + −
+ +
 
Equation. 47 
 
In which:                                          exp( )        for 1,2ii i
E
K A i
RT
−
= =  
Equation. 48 
 
And:                                                exp( )exp( )
0.00048( ) 0.025
d
d d
g
E b
K A
RT T T
− −
=
− +
 
Equation. 49 
 
Some plots of experimental are done on each experiment: 
 
- Figure 2: Model 2: reaction rate vs. time 
- Figure 3: Model 3: degree of conversion vs. time 
- Figure 4: Model 2: reaction rate vs. degree of conversion 
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Model 4 NRC DATA: The Kamal-Sourour equation needs to be extended in order 
to include the diffusion-controlled region. The model that as been used for the 
monocomponent RTM 6 resin system will also is used in this case. That is: 
 
Modified Kamal-Sourour:                1 2
1 2
( )(1 )m nd d
d d
K K K Kd
dt K K K K
α
α α= + −
+ +
 
Equation. 50 
 
In which:                                          exp( )        for 1,2ii i
E
K A i
RT
−
= =  
Equation. 51 
 
And:                                                exp( )exp( )
0.00048( ) 0.025
d
d d
g
E b
K A
RT T T
− −
=
− +
 
Equation. 52 
 
A similar approach has been used: only the pre-exponential factor Ad was varied 
and not enough data points for proper fitting of the diffusion-controlled region. 
 
The parameters for this model are listed below: 
 
• Chemically-controlled region: 
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Parameters: E1 A1 E2 A2 m n R 
 [kJ/mol] 10
3
 [1/s] [kJ/mol] 10
3
 [1/s] [-] [-] [J/(mol-K)] 
 73.26 36.05 57.49 17.63 1.1818 1.1886 8.314472 
Table. 2 
• Diffusion-controlled region: 
 
Parameters: Ed Ad b 
 [kJ/mol] 10
25
 [1/s] [°C] 
 207.33 49.804 0.1622 
Table. 3 
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Fig. 39 
 
3.2 The model in COMSOL Multiphysics 
 
The model we are going to use for the COMSOL Multiphysics modelisations is 
implemented by two equations. First one is the equation for the heat transfer in 
conduction in transient analysis, which is given by: 
 
4 4( ) ( ) ( )ts p trans ext trans ambtrans
T
C K T Q h T T C T T
t
δ ρ ∂ − ∇ ∇ = + − + −
∂
 
Equation. 53 
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Where: 
tsδ = Time-scaling coefficient 
K = Thermal conductivity 
ρ = Density 
pC = Heat capacity at constant pressure 
Q = Heat source 
transh = Convective heat transfer coefficient 
extT = External temperature 
transC =User-defined constant 
ambtransT = Ambient temperature 
 
In order to obtain values of the thermo-physic parameters which belong to the 
resin, the rule of mixture can be used. Following equations belong to the rule of 
mixture: 
 
c f f m mV Vρ ρ ρ= +  
pc f pf m pmC V C V C= +  
Equation. 54 
 
This solution is not allowed to be used in order to calculate the resin thermal 
conductivity because K contact value can not be calculated in the border of fibres. 
Some experiments need to be run at the laboratory to calculate average values 
of thermal conductivity. 
 
The equation we are going to use is the following one: 
 
c cp r r u
dT d dT d
C K V H
dt dz dz dt
αρ ρ= +  
Equation. 55 
 
Where: 
 
cρ = Density of composite 
pcC = Specific heat capacity 
K = Thermal conductivity 
rρ = Density of resin 
rV = Resin volume 
uH = Heat of reaction 
d
dt
α
= Cure rate 
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The other equation is a partial differential equation which is a model using a 
system of one or more time-dependent partial differential equations in coefficient 
form. This time-dependent coefficients are mass, diffusion or absorption 
coefficients. 
 
2 2/ / ( )a ae u t d u t c u u au u fα γ β∂ ∂ + ∂ ∂ + ∇ − ∇ − + + + ∇ =  
Equation. 56 
 
Where: 
c = diffusion coefficient 
a =absorption coefficient 
f = source term 
ae = mass coefficient 
ad = damping mass coefficient\ 
α = conservative flux convection coefficient 
β = convection coefficient 
γ = conservative flux source term 
 
ad
 is set to 1 and the source term value is related to the cure kinetics model 
function. 
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4 Experimental work 
 
Experimental part of the work relates of acquiring data from the RTM 
experiments. The procedure followed at the laboratory explains how to work in 
order to obtain best results during the RTM processes. No detailed procedures 
can be found on this document, general explanation of the procedure is 
explained in an instruction manual placed in the laboratory. 
 
The main target of the laboratory work is to run experiments on manufacturing 
composite plates of 25 mm thickness to acquire data of temperature in 
measurement points. Resin Transfer Moulding process is done in a mould made 
of two parts (top and bottom) with an inner cavity, where a vacuum is created and 
a resin is injected. 
 
This part of the whole project was one of the most important on the schedule. 
High quality acquired data is a must to run good simulations and obtain 
remarkable results to give knowledge to go further in the science field. Two 
months and a half of laboratory work were necessary to run all the experiments 
firstly scheduled. Which means, the time spent at the laboratory was a hard time 
full of precise work and dedication. 
 
For the experiments, it was decided to use RTM 6 as the thermosetting resin. 
RTM 6 is an epoxy/amine monocomponent system that is supplied by Hexcel 
Composites, France. It is specially developed to fulfill requirements of the 
aerospace industries in advanced RTM processes. The epoxy system is 
premixed and degassed and its service temperature ranges from -60 ºC up to 
180 ºC. At 23 ºC the storage life of RTM 6 is 15 days, while it has a guaranteed 
storage life of nine months at -18 ºC [1]. For processing it needs to be preheated 
to 80 ºC, whereas the mould should be preheated to 120 ºC. The injection should 
take place under low pressure (1 to 3 bars). At 120 ºC the time to gel is more 
than 240 minutes. The MRCC recommends a cure in mould of 75 minutes at 160 
ºC and a free-standing postcure of 120 minutes at 180 ºC with a ramp of 1 ºC/min. 
 
Different values of heat rate and cure temperature were set to run the 
experiments. Based on the MRCC, some changes were introduced to estimate 
the influence of various heating rates or curing temperatures. Those values are 
going to be detailed in following main points. 
 
HexFlow® RTM 6 is a resin already degassed, specifically developed to fulfill the 
requirements of the aerospace and space industries in advanced resin transfer 
moulding (RTM) process. At room temperature, it is a brown translucid paste but 
its viscosity decreases quickly by increasing the resin temperature. 
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Glass fibre used in the experiment is called Hexforce 7581. It is provided by 
Hexcel and is an hybrid fibre fabrics for use in advanced composites. The fabric 
dry weight is 303 g/m². 
 
4.1 Preparation of the mould 
 
Part of the laboratory work related to the mould preparation has an important 
influence on results. In order to obtain a correct data acquisition, some steps 
should be followed during the mould preparation. Correct processing is explained 
step by step in the testplanner for production of advanced composites with the 
RTM unit. Surfing treatments must be applied correctly and orderly to have a 
fitted surface for injection and vacuum without leakage. 
 
Two sealing rings help to create a vacuum inside de mould correctly. Those rings 
can be reused if there is no influence in the leakage test. Endings need to be 
fixed with glue and be placed in the gap which is going to be filled with silicone.  
 
The silicone assures the vacuum along the cavity where thermocouple wires are 
placed with the thermal expansion. It also creates a problem in the integrity of 
thermocouple wires, some of them can be broken by tensions created by thermal 
expansion. In order to solve this problem, wires integrity is protected by a metal 
mesh which assures the proper function of those devices. In addition, two small 
pieces of cured silicone are installed to create a limit of silicone expansion. 
 
4.2 Layout of glass fibre layers and thermocouples 
 
Sensors are used during the experiment to acquire data of temperature in 
different parts of the plate. Two measurement points are implemented, as can be 
seen in the figure below. It explains the implemented layout of the thermocouples: 
 
 
Fig. 40 
 
Measurement point 1 
Measurement point 2 
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Each measurement point is provided by 5 thermocouples placed along the 
through-thickness. There are 30 layers of glass fibre between each thermocouple. 
In all, 122 layers of glass fibre are placed one over the other to build the 25 mm 
thickness plate. First 61 layers have an orientation at 0˚, and the other 61 are 
rotated 90˚. 
 
Bottom and top layers belongs are the initial and the end of the layout, and is the 
place where thermocouples no. 1, 2 and 3, 4 are installed respectively. With the 
purpose of obtaining a profile temperature along the thickness, thermocouples 
are placed in the bottom, in the first quarter, in the middle, in the three quarter 
and in the upper part.  
Preparation of thermocouples consists of the correct union between the two inner 
wires, twisted and welded properly. The way to add the thermocouple and the 
layer is done with high temperature tape. In addition, a part of it (in contact with 
the metal mesh) needs to be stripped and covered. 
 
4.3 Procedure 
 
Inlet and outlet Teflon tubes are connected before applying the glass fibre layers, 
using special connections to assure the vacuum in the mould. Those tubes are 
going to be way to introduce the resin during the injection.  
 
To close the mould, some guides are used to make the closing mould procedure 
easier. Bolts need to be tightened in order to make the union correctly and 
assure a satisfactory leakage test. It is going to be created through a vacuum 
pump. 
 
An injection unit controller manages the injection procedure. And is done from the 
bottom to the upper part (against gravity), and in special conditions of 
temperature and pressure. Explanation in detail can be found in the laboratory 
instruction manual. The oil heating unit provides the profile temperature in the 
mould along the whole experiment. 
 
In brief, three computers support the experiment. First one is programmed to 
manage the resin injection unit. Second one controls the oil heating unit. Third 
one is responsible for the temperature data acquisition measured by the sensors. 
 
4.4 Density and volume fraction calculation 
 
After its manufacturing, the study of density takes part of the main procedure. 
The plate needs to be cut in different pieces to study the volume fraction of each 
section of the plate and obtain average values. Slices of different representative 
parts of the plate are cut with help of a cutting machine. Taking in account dry 
spots, densities zones colored different created by non homogeneous curing 
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process, regions closed to the sensors, representative parts of the plate should 
be selected for the study in order to calculate an average value with good 
agreement. 
 
The following description explains the samples obtained from a plate 
manufactured at the laboratory. The first 3 samples belong to the part closed to 
the measurement point number 1. Numbering goes from top part to the bottom, 
i.e. 1 belongs to top side (outlet), 2 belong to middle part and 3 belong to bottom 
part (inlet). 
 
- Sample 1: 25x20x6.5 (mm) 
- Sample 2: 25x20x6 (mm) 
- Sample 3: 25x20x8 (mm) 
 
The same goes with rest of samples, from 
number 4 to 6 the emplacement is from the top 
to the bottom. 
 
- Sample 4: 25x20x6 (mm) 
- Sample 5: 25x21x6 (mm) 
- Sample 6: 25x21x6 (mm) 
 
 
During the study of the plate, the upper right side had a different appearance 
related to resin density. As a result of this, this part was introduced on the volume 
fraction study. 
 
Last part of the study was focused on the zone closed to the measurement point 
number 2. 
 
- Sample 7: 25x20x6 (mm) 
- Sample 8: 25x20x6 (mm) 
- Sample 9: 25x20x6 (mm) 
 
Continuing with the procedure, some measurements need to be done to calculate 
the volume fractions. Calculation of weights in different situations is carried out by 
a scale. Following procedure explains the way to measure an obtain results: 
 
First of all, dry weight of each sample need to be calculated. Then, the wet 
weight is evaluated. After those steps, is necessary to measure crucible weights 
and the value obtained of measuring weight plus the sample. 
 
With all of these values calculated, burn step of the samples can be done. 
Introducing each sample on the oven and heating up to 560˚ for a period of 45 
min resin is burn and both materials can be separated. After burning period, 
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glass fiber is the only remaining material. Then, calculation of fibre weight can be 
done easily. 
 
Having values of weights of fibre and resin separately, specimen values can be 
calculated using the following formula: 
 
 
(  -  )  
(  -  )
dry weight
water density air density air density
dry weight wet weight
ρ = +  
Equation. 57 
 
With the knowledge of all of these values, calculation of fibre and resin volume 
fraction can be done. The following sheet shows the average values obtained 
from each experiment: 
 
EXPERIMENT Fiber Density (Reinforcement) 
Fiber Volume 
Fraction 
(Reinforcement) 
Resin Density 
(Matrix) 
Resin Volume 
Fraction (Matrix) 
091104 2.56 56.75467 1.04 44.19951 
091110 2.56 55.690380 1.04 42.84812 
091202 2.56 57.58047 1.04 43.50448 
100216 2.56 56.56591 1.04 44.01831 
100223 2.56 55.44041 1.04 44.80622 
Average 2.56 56.40637 1.04 43.87533 
    0.56406   0.43875 
UNITS 10E3 kg/m3 % 10E3 kg/m3 % 
Table. 4 
 
Bottom row gives an average value, which is going to be used on following 
simulations. 
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5 Simulation of the RTM curing process and its 
results 
5.1 Parameters settings and equations 
 
At summary, a number of experiments were run at the laboratory. Those 
experiments are named according with the date where were run: 
 
- 090717 (2009, 17th of July) 
- 091029 (2009, 29th of October) 
- 091104 (2009, 4th of November) 
- 091110 (2009, 10th of November) 
- 091202 (2009, 2nd of December) 
- 100210 (2010, 10th of February) 
- 100216 (2010, 16th of February) 
- 100223 (2010, 23rd of February) 
 
The main purpose of these simulations is to obtain the most accurate value of 
thermal diffusivity which gives the best agreement between model solution and 
experimental work. 
 
Before obtaining the thermal conductivity value, a calculation of thermal diffusivity 
is necessary. Matlab program MainFileFIT.m makes a calculation of thermal 
diffusivity values for each region along the experiment. These regions are 
injection, cure and cool down. Then, there are three different values that can be 
obtained. The values obtained running the simulation give the value with the 
minimum SSE (Sum of Square Error), which is calculated with the following 
equation: 
 
Errorvector_2   = MOD.T{2} - EXP.T{2}'; 
Errorvector_3   = MOD.T{3} - EXP.T{3}'; 
Errorvector_4   = MOD.T{4} - EXP.T{4}'; 
SSE{m}(j) = sum(Errorvector_2.^2) + sum(Errorvector_3.^2) + 
sum(Errorvector_4.^2); 
 
It makes a calculation with the subtraction in thermocouples 2, 3 and 4 of values 
obtained from model calculation and the values obtained from the interpolation of 
experimental data. Adding all the error, the sum of errors can be obtained. The 
minimum error, matches the most accurate value of thermal diffusivity. This way 
of calculate the accuracy between solutions from modeling and experimental 
work was seen in literature and has been used in some researching works. 
 
As has been explained, values of thermal diffusivityα , can be calculated with the 
help of the program. In order to obtain values of thermal conductivity, a relation 
between α  and K  needs to be implemented. 
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The equation which is going to be used appears below: 
 
c cp r r u
dT d dT d
C K V H
dt dz dz dt
αρ ρ= +  
Equation. 58 
 
As it has been explained, we obtain 3 different values of thermal diffusivity 
belonging to three different sections of the experiment. During the first part of the 
experiment there is no exothermic reaction: 
 
 
Fig. 41 
 
Can be seen that there is no heat of reaction, actually is equalized to zero. So, 
the equation is simplified as follows: 
 
c pc
dT d dT
C K
dt dz dz
ρ =  
Equation. 59 
 
Values of density and specific heat capacity belong to the composite material, 
and need to be calculated by the rule of mixture. Firstly, are going to be set to 1, 
to relate thermal diffusivity and thermal conductivity. The equation that relates 
both coefficients is the following: 
 
1α  
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c pc
K
C
α
ρ
=  
Equation. 60 
 
Taking into account the initial values of density and specific heat capacity, we 
can say: 
 
Kα =  
Equation. 61 
 
Thermal diffusivity and thermal conductivity have the same value. Then, going 
back to the primary equation, we can say: 
 
c pc
dT d dT
C
dt dz dz
ρ α=  
Equation. 62 
 
Continuing with the study along the profile temperature, thermal diffusivity during 
the cure period ( 2α ) gives a value according to the lowest error between model 
solution and experimental results. Here, exothermic reaction takes part and error 
between the two solutions can be seen in following experiments. Evaluation of 
thermal conductivity value needs to be carried in order to find the most accurate 
solution. Increasing the thermal conductivity the model solution gives higher 
peaks of temperature.  
 
The third thermal diffusivity value belongs to the cool down region. On the 
following figure can be seen both regions where thermal conductivity values 
number 2 and 3 are calculated. 
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Fig. 42 
 
In the region where exothermic reaction appears, resin is liquid, and 2α can reach 
high values because of the difference between solutions. Something similar 
happens along the cool down region, but resin is in solid state. A value of thermal 
diffusivity for both regions is generated on each simulation. Next explanation 
extends the information about the calculation on this part of the work. Results 
were obtained from an experiment carried out on 23rd of February in 2010. The 
experiment has the following characteristics: The heat rate after the starting point 
of heating for curing is 1˚C/min, the curing temperature is set to 160˚C and there 
is no post-curing period. 
 
5.2 Calculation of the SSE and thermal diffusivity 
 
The following figure shows the profile temperature along the whole experiment. 
The five lines belong to the same measurement point, which can be chosen in 
the Matlab program. It can be seen that the top and bottom have the same 
temperature along the experiment less part before reaching 120˚C. The top part 
reaches set temperature imposed by oil heating unit a little bit faster than bottom, 
and at the end of the initial slope the thermal inertia of top part gives a low peak. 
That is not really important, because profiles are exactly the same along the rest 
of the experiment, it means, during the exothermic reaction, along the curing 
period and later in the cool down. 
2α  
3α  
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Fig. 43 
 
Studying this profile temperature time values can be calculated easily. Start point 
heating of curing is exactly when second slope starts, been aware that the heat 
rate is 1˚C/min, the start heating point is minutes before the start of the slope. 
Start point curing is the point where lines of non top and bottom differ in 
parallelism. It means that exothermic reaction starts and temperatures increases 
start to be different. Following figures show how those points were calculated: 
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Fig. 44 
 
Start Point Heating for curing: 126 min           Start Point Curing: 155 min 
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                               Fig. 45 
 
The program gives a solution for the curing period, which is plotted below. 
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Fig. 46 
 
Here, can be seen that the value of sum of square error reach the minimum 
between 1.8E-07 and 3.0E-07. These boundaries need to be changed in order to 
calculate the minimum value of SSE (Sum of Square Error), most accurate 
solution. The minimum value of α  which makes the lowest SSE is: 
 
End point of curing gives the time 
value when cool down regions 
starts. It happens at minute 296. 
Cool down period start just after the 
curing region because no post-
curing region was configured to 
take part on that experiment. 
Otherwise, a third slope should 
appear after cure period to reach 
180˚C. 
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2 -12.1296 007 [m s ]eα = −  
Equation. 63 
 
Also, during the cool down period boundaries need to be set in order to find the 
minimum value of SSE. This time boundaries are 1.6E-07 and 3.0E-07. Below 
appears the curve of different values of SSE: 
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The minimum value of α  which makes the lowest SSE is: 
 
2 -12.566 007 [m s ]eα = −  
Equation. 64 
 
To set the boundaries of calculation for thermal diffusivity, need to be considered 
how the model is working. If the model line shows an increase of temperature 
slower than the experimental line, it means that thermal diffusivity needs to be 
higher. So, the value of α  that gives the minimum SSE is going to be in a region 
of higher values of thermal diffusivity. 
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                       Fig. 48 
After calculation of the two values of thermal diffusivity, the procedure continues 
obtaining thermal conductivity values of the two regions. Those values can be 
calculated using the following equation that relates thermo-physical properties: 
 
c pcK Cαρ=  
Equation. 65 
 
Values of density and specific heat capacity belong to composite material. The 
rule of mixture which is explained below is used to calculate these values: 
 
c f f m mV Vρ ρ ρ= +  
pc f pf m pmC V C V C= +  
Equation. 66 
 
Specific heat capacity value of the fibre is related with temperature, it means that 
a fixed value should be chosen in order to run simulations along the work. 
Making an interpolation from the curve provided from the original manufacturer, a 
value for 160˚C can be obtained. On the side of bi-component RTM-6, two curves 
of specific heat capacity belonging to unreacted resin or fully cured sample can 
be plotted depending on the resin sample. The value of liquid state at 160˚C is 
the one chosen to set this thermo-physical parameter. 
 
830 [ / . ]pfC J kg K=  
2200 [ / . ]pmC J kg K=  
Equation. 67 
 
In case of the density, these are the values for resin at 160˚C and glass fibre: 
 
32560 [ / ]f kg mρ =  
The following figure shows the 
situation explained above. Here, can 
be seen that the model curve is under 
the experimental curve, it is predicting 
a slower increase of temperature. 
Boundaries of calculation were 
changed in order to find a better 
agreement between the two 
solutions. 
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3
1040 [ / ]m kg mρ =  
Equation. 68 
 
With those values, thermal conductivity can be generated. The following sheet 
shows the values obtained on each experiment and the average values of 
thermal diffusivity and thermal conductivity. 
 
EXPERIMENT N. 1 α1 α2 α3   Kii Kiii 
090717 not interested 1.7016E-07 1.5567E-07 4.6351E-01 4.2404E-01 
091029 not interested 1.9894E-07 3.2139E-07 5.4190E-01 8.7545E-01 
091104 not interested 2.1843E-07 2.7225E-07 5.9499E-01 7.4160E-01 
091110 not interested 2.2319E-07 2.7498E-07 6.0796E-01 7.4903E-01 
091202 not interested 1.2259E-07 2.6772E-07 3.3393E-01 7.2926E-01 
102010 not interested 2.5679E-07 1.9659E-07 6.9948E-01 5.3550E-01 
100216 not interested 2.4824E-07 2.3645E-07 6.7619E-01 6.4408E-01 
100223 not interested 2.1296E-07 2.5666E-07
K=α*ρc*Cpc 
5.8009E-01 6.9913E-01 
Average   2.0641E-07 2.4771E-07 Average 5.5971E-01 6.7128E-01 
UNITS m2/s m2/s m2/s   [W/mK] [W/mK] 
Table. 5 
 
Same procedure was followed to obtain α  values with the other experiments. 
Results of the other experiments are shown in Appendix 1. 
 
5.3 Calculation of thermal conductivity 
 
With those K average values, simulations with MainFileFITCURE.m can be run. 
This program makes a comparison at the start of heating for curing to the end of 
curing period between experimental results and the model chosen. To start 
studying the agreement of the solution, values of 2K  (cure period) and 3K  (cool 
down period) were introduced in the program. The obtained solutions are going 
to be explained below: 
 
The simulation, continuing with the same experiment, is going to be done with 
data corresponding to the experiment run in the laboratory on the 23rd of 
February in 2010. The model used to run the simulations were the one provided 
by NRC number 2. Thermo-physical parameters are to: 
 
31900 [ / ]c kg mρ =  
1430 [ / . ]cCp J kg K=  
Equation. 69 
 
The first figure shows the simulation corresponding to the value of thermal 
conductivity which belongs to curing period, 0.58 [w/m.K]K = . 
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As can be seen, first solution given by Matlab does not generate a well accurate 
solution. Peak temperature of model solution differ almost 5˚C by the 
experimental curve. Making the comparison with 0.69 [w/m.K]K = , the solution 
obtained appears below: 
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Can be seen the non accurate result, obtaining a gap of 8.5˚C, which is none 
allowed difference for a correct simulation. With this thermal conductivity value, 
solution is still not well accurate. In order to find the best solution and generate 
the thermal conductivity value corresponding to the most accurate solution, a 
Matlab program was done to solve this problem. It is called 
MainFileFITCURE_FITK.m and makes a calculation between two thermal 
conductivity boundaries. Those boundaries are values obtained for curing and 
cool down regions. If solution does not match properly, it means that the optimum 
is out of those boundaries. Therefore, fittest thermal conductivity value should 
be evaluated along the possible range [0.4-0.7] with a gap of 0.01. Thirty points 
were used to make the approximation by cubic splines, and 6 time step per 
minute were evaluated during the calculation. For the first experiment, result 
appears below: 
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Curve of error values given by the program shows the calculus of minimum value 
of SSE, set to 11852.5992. If we make a calculation of time steps used to obtain 
that result, the range of error can be evaluated. Bounds of time are 122 and 320, 
what is 198 minutes. Multiplied by 6 steps per minute, we obtain 1188 step times 
along the calculation. It can be said that there is a gap error of 1.82˚C between 
experimental and model curve. The thermal conductivity value is 0.48 W/mK, 
which is out of bounds. If the program MainFileFITCURE.m is run again with the 
thermal conductivity value obtained by the other one, best agreement is obtained 
in the solution. 
 
Continuing with the fittest solution, following figure shows the evolution of degree 
of conversion along the time. The slope starts at 165 min, which correspond with 
the initial of curing period starts at zero, that initial value is not real and will be 
changed to a more accurate value in the following Matlab file. 
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Fig. 52 
 
On the following picture the evolution of degree of conversion along the time can 
be seen. It starts at zero, that initial value is not real and will be changed to a 
more accurate value in the following Matlab file. 
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Fig. 54 
 
Same procedure was followed to obtain fittest K values on each experiment. 
Results of the other experiments are shown in Appendix 2. 
 
The following table collects thermal conductivity values obtained in all the 
experiments after its evaluation with the Matlab program 
MainFileFITCURE_FITK.m: 
 
Experiment Fittest K Minimum SSE 
Start point of 
calculation 
End point of 
calculation Cure Temperature  
090717 0.4 15641.0702 86 338 160
091029 0.5 14510.6747 132 620 160
091104 0.52 22309.5979 120 332 180
091110 0.63 11067.3135 150 478 140
091202 0.31 14238.5947 100 377 140
100210 0.46 3368.8942 135 463 160
100216 0.47 8104.3006 184 376 160
100223 0.48 11852.5992 122 320 160
Table. 6. Fittest thermal conductivity of the composite. 
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The average obtained to find the most accurate thermal conductivity K value is 
K=0.47125 [W/mK] , and its standard deviation is 0.092340596. The majority of 
those values are in a range of values between 0.4 and 0.5, only 2 are out of 
these boundaries. 
 
5.4 Effect of Cure Cycle in thermal conductivity calculation 
 
The Manufacturer’s Recommended Cure Cycle (MRCC) corresponds to the 
following temperature and time values: It starts at 120 °C, there is a ramp with 
positive slope which belongs to the heating up step. Temperature reaches 160 
°C and holds for a plateau of 75 minutes. Then, the  cool down starts to reach 120 
°C again. The following figure shows the profile te mperature explained before: 
 
 
Fig. 55. Manufacturer Recommended Cure Cycle (MRCC) 
 
 
 
The following figures gives the main points of the configuration of each 
experiment run at the laboratory: 
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Experiment Start point of 
calculation 
End point of 
calculation 
Cure 
Temperature [˚C] 
Heat Rate 
[˚C/min] Post Curing 
K (curing 
period) [W/mK] 
K (cool down 
period) [W/mK] 
090717 86 338 160 3 YES 0.46 0.42 
091029 132 620 160 3 YES 0.54 0.87 
091104 120 332 180 1 YES 0.59 0.74 
091110 150 478 140 3 YES 0.61 0.75 
091202 100 377 140 3 YES 0.33 0.73 
100210 135 463 160 1 YES 0.69 0.54 
100216 184 376 160 1 NO 0.68 0.64 
100223 122 320 160 1 NO 0.58 0.69 
Table. 7. Cure Cycles. 
 
In order to verify obtained values for the thermal conductivity of the composite 
and the study of the effect of cure cycle on its calculation, the following figure 
shows the thermal conductivity values distribution related to the cure cycle used 
to run the experiment: 
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Fig. 56. Distribution of thermal conductivity values for composite material. 
 
It can be seen that, values of thermal conductivity obtained in experiment with 
cure temperatures of 160°C yields values between an  acceptable ranges (0.4-
0.5).  
 
Excluding the value obtained on the experiment 091110, thermal conductivity 
value tends to increase with the increment of cure temperature. Therefore, it can 
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be said that the thermal conductivity calculated has higher values with higher 
temperatures in the flat part of the mould profile temperature. 
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6 Modelisation and its results 
 
Software COMSOL Multiphysics gives the platform to create models to simulate 
the RTM manufacturing process. Introducing the model and the equations for the 
resin kinetics and the curing process, a solution can be obtained. 
 
6.1 One dimension (1D) 
 
The study of simulation starts with the one dimension model. Here, the thickness 
can be evaluated in an infinite beam. Thermo physical parameters need to be 
introduced as values by the program. The following table shows those values: 
 
rho_f 2560     Fibre density [kg/m3]           
cp_f 830      Fibre heat capacity [kg/m3]     
FVF 0.56406  Fibre Volume Fraction []        
rho_m 1040     Matrix density [kg/m3]          
cp_m 2200     Matrix heat capacity [kg/m3]    
MVF    (1-FVF)  Matrix Volume Fraction          
k_c 0.47125     Composite thermal conductivity  
Hu 4.29E+05   Heat of reaction                
Table. 8 
 
For the 1D model, the influence of the variation of matrix volume fraction (MVF) 
and thickness wants to be evaluated. 
 
6.1.1 Influence of MVF 
 
To study the influence of MVF in the profile temperature along the thickness of 
the plate, correct thermo physical parameters need to be obtained. MVF value is 
related to the thermal conductivity of the composite material; therefore, a non-
fixed ck  is necessary to study the process for different MVF. As can be seen in 
literature review, some models were used by other researchers to obtain the 
thermal conductivity value of the composite. To obtain the target value, a simplex 
series conduction model is applied: 
 
1
c f m
FVF MVF
k k k
= +  
Equation. 70 
 
Firstly, the program needs to calculate the thermal conductivity of the resin, mk . 
Those values are introduced to obtain mk : 
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1.04 [ ]f
W
k
mK
=  
0.47125 [ ]c
W
k
mK
=  
0.43473 [ ]
W
MVF
mK
=  
(1 )FVF MVF= −  
Equation. 71 
 
Value of thermal conductivity of the fibre is set comparing with other values 
obtained in literature review. Those were used by other research at work with 
glass fibre. On the other hand, thermal conductivity of the composite was 
obtained by experimental work at the laboratory, as well as initial MVF.  
 
When target value is obtained, all the thermo physical parameters are set. Then, 
series conduction model can be applied to obtain values of thermal conductivity 
related to the MVF. The evaluation of MVF is in a range of fractional values 
between 0.3 and 0.7. The following figure shows the profile temperatures in the 
middle part for each values of MVF. It increases each 0.01: 
 
 
Fig. 57. Temperature overshoot during reaction. 
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The program calculates the peak temperature value obtained in the middle part 
of the thickness for a wide range of MVF values. 
 
MVF values calculated starts at 0.3 and increases each 0.01 step to 0.7, in 
fractional values. Also, peak temperatures values at the time when is reached 
were calculated. The following table shows those values: 
 
 
Table. 9 
 
Can be easily seen the increase of the peak temperature related to the increase 
of MVF value. Those increments are higher when the MVF is high. The gap starts 
at 0.546˚C, but can be higher than 2˚C if we compare at a MVF value of 0.69. 
Non-uniform increment was found on the simulation. 
 
Maximum peak temperature is set to 217.8121˚C, which is under to overshoot 
limit of 220˚C. Over that limit, mould can be damaged. In that, an optimisation to 
reduce temperature overshoot should be necessary. 
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Also, the time to reach the peak temperature value becomes lower with the 
increase of the MVF. Reaction runs before and the maximum difference obtained 
is 20 seconds for each 0.01 MVF increment. 
 
6.1.2 Influence of the thickness 
 
For that study, the influence of the variation of thickness is going to be studied in 
order to find a relationship between it and peak temperatures. 
 
Thermo physical values were introduced exactly as was explained for the 
previous study. The simplex series conduction model was used to obtain the 
thermal conductivity value of the composite material. Those values are fixed in 
that case, because thickness is not related to them. The following table shows 
the peak temperature value obtained for each simulation. The program gives a 
solution of the profile temperature in the middle part of the thickness, evaluated 
from 0.01 m to 0.1 m each 0.005 m. Maximum peak temperature overshoot was 
imposed at 220˚C, which is reached at 0.01 m thickness. 
 
Fig. 58. Temperature overshoot during reaction. 
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More interesting data are given by the figure above. The peak temperature during 
the curing reaction is reached later when the thickness is increased. The higher 
the thickness, the longer the time to reach peak temperature will be. Following 
table shows the legend, where can be seen the peak temperature for each value 
and the time at maximum temperature is reached. 
 
 
Table. 10 
 
Making a comparison between reach times, time increases a 50% between 
boundary values of thickness. It means that, manufacturing time becomes longer 
depending on the thickness. And it is an important goal for optimisation to reduce 
this value. 
 
6.2 Two dimensions (2D) 
 
Introducing the second dimension, a cross-section of a plate can be drawn. Width 
and length are dimensions that take part in the study. The standard plate size is 
0.3 x 0.025 [m]. Simulations were run with that size plate. 
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The following figure shows the appearance of the plate after its simulation in 
COMSOL Multiphysics. 
 
 
Fig. 59. COMSOL Multiphysics solution for 2D standard plate. 
 
The color bar shows the temperature difference along the thickness. Solution at 
6100 s is plotted, which is the end of the simulation. It can be seen that in the 
centre of the plate, maximum temperatures are registered. In the middle part of 
the thickness, peak temperatures are also measured. 
 
Edge effect appears in parts closed to both limits of the plate in x axis. 
Temperature distributions are different depending on the distance along the x 
axis. Phenomena of non-uniform consolidation and temperature along the 
thickness need to be studied. Its relation with the thickness and curvature of the 
plate will be tackled. 
 
6.2.1 Influence of edge effect 
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Different thicknesses are going to be evaluated to calculate edge effect distances 
for each plate. Its effect is going to appear and a relation between thickness and 
distance effect is going to be obtained, which is the target of the study. 
Firstly, the calculation of it effect is focused on the comparison of the through-
thickness temperatures along the x axis. The program, which calculates thermo 
physical parameters with the same procedure as the ones used in the one 
dimensional modelisations, yields the figure 16 where maximum temperature 
difference is 1°C.  
 
The model used for the calculation of thermal conductivity of the composite was a 
parallel distribution conduction model, given by the following equation: 
 
( * ) ( * )c fL mk k FVF k MVF= +  
Equation. 72 
 
Where fLk  is longitudinal thermal conductivity of the fibre. It is comparable with 
the simplex rule of mixture, and is going to generate higher values of peak 
temperature. The series conduction model is used to find the lower limit to start 
the calculation of the educated value. 
 
This boundary gives the start of the edge effect, where one dimensional solution 
can not be extrapolated to the 2 dimensional plates. 
 
 
Fig. 60. Bandwidth analysis. 
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Those 2 lines give the temperatures of the 2 dimensional solutions compared 
with the one dimensional. Depending on the step of the profile temperature, 2 
dimensional temperatures can be above or below one dimensional profile. The 
biggest difference gives the point at the effect starts. This solution is for a 
standard 25 mm thickness plate. Also, maximum temperature appears at the 
centre of the plate. That phenomenon can be seen in the following figure, where 
X mark shows exactly the point where maximum temperature is registered. 
 
 
Fig. 61. Peak temperature. 
 
For a range of thickness values from 0.01 m to 0.1 m each 0.01 m, edge effect 
was studied in order to obtain the relation between thickness and distance of 
influence. 
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Fig. 62 
 
And the table of values appears below: 
 
Edge Effect 
[m] 
Thickness 
[m] 
0.0050014 0.01 
0.017351 0.02 
0.037317 0.03 
0.06313 0.04 
0.080199 0.05 
0.092707 0.06 
0.10301 0.07 
0.11193 0.08 
0.11981 0.09 
0.12701 0.1 
Table. 11 
 
The increment in the plate thickness maximizes the edge effect, it means, the 
distance at its effect starts is higher. This increment is related to the temperature 
overshoot measured during the process. In the following table appear the values 
of peak temperatures registered on each simulation. Those can be compared 
with the ones obtained during the one dimensional model study, where a different 
equation where used to calculate the thermal conductivity of the composite. Here, 
0.2834 [ ]m
W
k
mK
=  and 0.71 [ ]c
W
k
mK
= . 
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Peak 
Temperature 
[°C]
 
Thickness 
[m] 
162.2796 0.01 
170.888 0.02 
186.872 0.03 
201.6508 0.04 
211.0877 0.05 
216.8091 0.06 
220.3601 0.07 
222.6141 0.08 
224.0316 0.09 
224.8814 0.1 
Table. 12 
 
6.2.2 Influence of curvature 
 
In order to obtain the influence of curvature in the manufacturing process of the 
plate, a range of different values of radius were studied and its effect. To tackle 
the problem, the cross-section of a circular plate was modeled with an axis of 
symmetry. The width, height and radius are input parameters. A range of values 
for radius were evaluated to calculate the peak temperature. Calculations where 
done with the standard size plate 0.3 x 0.025 [m], starting with a radius value of 
0.01 m to 0.95 m each 0.05 m. The following table shows the peak temperature 
values obtained on each simulation in the middle part of the curved plate. 
Maximum temperature difference registered is under 1°C. 
 
Peak 
Temperature 
[°C] 
Radius 
[m] 
Peak 
Temperature 
[°C] 
Radius 
[m] 
179.5818 0.01 178.7694 0.5 
178.821 0.05 178.7692 0.55 
178.7866 0.1 178.691 0.6 
178.7775 0.15 178.69 0.65 
178.7739 0.2 178.7689 0.7 
178.772 0.25 178.7688 0.75 
178.771 0.3 178.7688 0.8 
178.7704 0.35 178.7687 0.85 
178.7669 0.4 178.7687 0.9 
178.7696 0.45 178.7687 0.95 
Table. 13 
 
Making a comparison of the boundary values of radius, for a value of 0.01 m, 
which is the lowest value evaluated, a big difference between one dimensional 
model and two dimensional curved model can be found. The following figure 
compares values obtained for both simulation and plots it along the through-
thickness. 
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Fig. 63 
 
Evaluating from the inner part to the outer wall of the ring, the difference 
becomes lower. In the internal wall of the ring the most difference can be found. 
On the other hand, evaluating the biggest radius, the following figure shows that 
in the parts closed to the boundaries there is no big difference. Temperature 
variation appears in the middle part. Simulations were run in a standard plate 0.3 
x 0.025 [m]. 
 
 
Fig. 64 
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6.2.3 Influence of edge effect in curved parts 
 
Last part of the study for the two dimensional case is focused on the study of the 
edge effect plus the curvature. For that case, a different procedure was followed 
to study the edge effect in boundaries. Because of the plate which is focus of 
study is an infinite plate, boundaries do not show edge effect. Therefore, is not 
possible to study comparing profile temperature along the through-thickness in 
the x axis of the two dimensional solution.  
 
The focus of the comparison is the peak temperature distribution in the through-
thickness along the experiment. It can be seen how maximum values are 
reached before or after in comparison with the one dimensional solution. The 
procedure is going to be explained: For the one dimensional solution, peak 
temperatures were recorder along the thickness line. The following figure shows 
the 15 measurement points distribution: 
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Fig. 65 
 
The one dimensional symmetrically profile temperature differ with the two 
dimensional distribution. For the two dimensional solution, the measurement 
points are placed along its through-thickness. 
 
The width, height and radius are input parameters. A range of values for radius 
were evaluated to calculate the peak temperature. Calculations where done with 
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the standard size plate 0.3 x 0.025 [m], starting with a radius value of 0.01 m to 
0.95 m each 0.05 m. 
 
The model used for the calculation of thermal conductivity of the composite was a 
parallel distribution conduction model, given by the following equation: 
 
( * ) ( * )c fL mk k FVF k MVF= +  
Equation. 73 
 
Where fLk  is longitudinal thermal conductivity of the fibre. It is comparable with 
the simplex rule of mixture. The other thermo physical parameters were 
calculated at the start of the program on the same procedure as the ones used in 
the one dimensional modelisations. 
 
The next figure shows the temperature distribution for the one dimensional 
solution and the two dimensional solution for a radius value of 0.05 m. The lower 
the radius, the larger the difference. 
 
 
Fig. 66 
 
Can be seen, that on the left side of the thickness (inner radius side of the curved 
part), profile temperatures that belong to the two dimensional solution are higher 
than in the one dimensional distribution. If the evaluation moves along the 
through-thickness to the outer radius, one dimensional temperature distributions 
become higher than the two dimensional temperatures. The evaluated shape is 
figured on the right. The following figure shows the difference on each 
measurement points along the through thickness: 
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Fig. 67 
 
Those points are the difference the two solutions, one and two dimensional 
simulations. The following vector yields the values in °C: 
 
 
X-axis [m] -0.0125 -0.0107 -0.0089 -0.0071 -0.0054 -0.0036 -0.0018 0.0000 
Temperature 
difference [°C]  0.0000 -0.4900 -0.7541 -0.8299 -0.7625 -0.5938 -0.3624 -0.1057 
X-axis [m] 0.0018 0.0036 0.0054 0.0071 0.0089 0.0107 0.0125 
 
Temperature 
difference [°C]  0.1407 0.3483 0.4886 0.5413 0.4823 0.3076 0.0000 
 
Table. 14 
 
To show the influence of increasing the radius in the temperature difference, 
some solutions of different comparison are going to be simulated: 
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Fig. 68. Temperature difference for values between 0.01 to 0.21 [m] each 0.05 [m] 
 
Temperature differences decrease when the plate reduces its curvature, cause 
becomes more similar to a flat plate. Red line belongs to a radius value of 0.01, 
which a maximum difference of 52.9045°C. We are eva luating a disc with an 
inner diameter of 0.02 m, which is significantly small. Next radius values have 
quite lower differences, for example, from 0.06 to 0.21 m. 
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Fig. 69. Temperature difference for values between 0.26 to 0.46 [m] each 0.05 [m] 
 
 
 
Fig. 70. Temperature difference for values between 0.51 to 0.71 [m] each 0.05 [m] 
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As it can be seen, maximum difference values now appear closed to the outer 
radius. 
 
 
Fig. 71. Temperature difference for values between 0.76 to 0.96 [m] each 0.05 [m 
 
6.2.4 Influence of cure cycle 
 
Simulations run before were done under manufacturer recommended cure cycle. 
In order to study the influence of the cure cycle used on the experiment, some 
experiments were run with different cure cycles. The implemented cycles are the 
followings: 
 
- varying the slope: 1°C/min, 3°C/min and 10°C/min.  
- varying the cure temperature: at 140°C, 160°C and  180°C. 
 
Introducing a variation in the first slope of the profile temperature, the following 
results are obtained. The values of heat rate used for those experiments are: 1, 3, 
5, 8 and 10°C. 
 
Peak temperatures and edge effects distances were compared for each value of 
heat rate. The following figure shows the values of the peak temperature related 
to the range of slope values: 
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Fig. 72. Peak temperature values with heat rate variation 
 
There is no big variation in peak temperature; the maximal difference between 
maximum and minimum value is around 0.2°C. Peak tem perature is the 
overshoot increases with the increment of the heat rate. 
 
The following figure shows the variation in the edge effect: 
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Fig. 73. Edge effect values with heat rate variation 
 
On the figure above, a similar variation can be seen. Edge effect distance 
increases with the heat rate applied on the experiment. For maximal values of 
heat rate, highest values of edge effect are registered. 
 
To study the variations related to the cure temperature. Some simulations were 
run. The temperature values used to run it are: 140, 150, 160, 170 and 180°C. 
The following figure shows how the peak temperature increases: 
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Fig. 74. Peak temperature values with cure temperature variation 
 
The figure shows how the peak temperature increases related to the cure 
temperature variation. Highest values are obtained at 180°C cure temperature. 
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Fig. 75. Edge effect values with cure temperature variation 
 
As was seen in the previous figure, a linear increment of edge effect can be seen 
on that experiment. Maximum values of edge effect appear on experiment run at 
180°C cure temperature. 
 
6.2.5 Influence of thermal conductivity ratio 
 
As it was explained in previous chapters, there is no isotropic thermal 
conductivity in a composite part. This assumption should be taken in account in 
order to calculate correctly the heat transfer along the through-thickness or along 
the x axis. The following equation relates transverse thermal conductivity and 
longitudinal thermal conductivity, and gives a value. This ratio is going to be 
studied in a range of values to obtain knowledge about the influence in edge 
effect and peak temperature. 
 
Range of values starts at 0.1 to ∞ . Maximum value of ratio was set helped by the 
limit 0.035 [ / ]W mK obtained in literatures, which is 0.052 [ / ]W mK  corresponding 
to a ratio of 20. The following figure shows how the edge effect distance 
increases with the ratio. It means that, transverse thermal conductivity decreases: 
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Fig. 76. Edge effect variation with the thermal conductivity ratio 
 
For a range of ratio values between 0 and 1, the study was carried out with a 
calculation step of 0.1. As can be seen, there are no big differences in edge 
effect values. It tends to increase in short steps. Rest of the study is run for 
values from 1 to 20. At a ratio of 10, which means0.104 [ / ]W mK , edge effect 
reaches its maximum value. After that point, if transverse value continues going 
down, edge effect starts to decrease. 
 
The following figure shows values of peak temperatures obtained along this 
experiment: 
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Fig. 77. Peak temperature variation with the thermal conductivity ratio 
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We can observe the increment of the peak temperature during the overshoot. 
This values increases when transverse thermal conductivity decreases. 
 
6.3 Two dimensions (2D). T-joint. 
 
T-shaped structures are widely used in industry, they can be found in many 
applications. It is important to know how a t-joint structure deals during the 
simulation of the resin transfer moulding process. The study of t-shaped structure 
is focus on the peak temperatures registered during the process and the 
influence of edge effect. 
 
The shape which is used on the simulations has the standard size: Thickness: 
0.025 m, Length of each arm: 0.15 m. Standard cure cycle is also implemented 
for the experiment. 
 
The following figure shows the solution given by COMSOL Multiphysics: 
 
 
Fig. 78. T-shaped structure. 
 
Axis of symmetry Y is placed on the left side of the half t-shape. As can be seen, 
maximum temperature appears in the centre of the T-joint. Maximum 
temperature is 188.3341˚C and is reached at minute 83. The following figures 
shows the solutions given by the program, which calculates those values: 
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Fig. 79. Maximum temperature reach time. 
 
 
Fig. 80. Maximum temperature. 
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Peak temperatures are registered at the centre of the t-joint.  
 
For the edge effect calculation, the following figure shows this effect in one of the 
3 arm of the t-joint: 
 
 
Fig. 81. Edge effect in t-shaped structure. 
 
To continue with the study of t-shaped structures, different widths are going to be 
evaluated in order to acquire knowledge about the influence in the edge effect 
phenomenon. 
 
6.4 Three dimensions (3D) 
 
This chapter is focused in the study of three dimensional parts. The block object 
of study has the following shape: a square base of 0.3 m width and a thickness of 
0.025 m. Solve this three dimensional matrix of dots, takes a long time because 
of the calculation of the big amount of temperature data. In order to reduce this 
calculation time, the evaluation of the plate can be optimized. 1/8 of the block 
was extracted and evaluated separately. The dimensions of the new block are: a 
square base of 0.15 m width and a thickness of 0.0125 m. The following figure 
shows both plates and its dimensions: 
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Fig. 82. Dimensions of the 3D model 
 
The red block is object of calculation. The mesh created for calculation of the 
temperature matrix has 30 x 30 x 7 dots of calculation, which means 6300 values. 
 
Evaluating only this part of the whole block, knowledge of the behavior of the 
three dimensional model can be obtained. Because there are axes of symmetry 
and the behavior of the other 1/8 parts of the plate is the same. COMSOL 
Multiphysics solver was programmed taking into account this assumption, and 
some border surface were set to thermal insulation heat transfer as boundary 
settings. 
 
 
Fig. 83. COMSOL MULTIPHYSICS SOLUTION. 
6. Modelisation and its results 
97 
6.4.1 Influence of edge effect 
 
Previously, it was proved the influence of edge effect in infinite beams for a two 
dimensional model. In this study, a third dimension has been introduced, which 
means that the beam can be transformed into a finite beam.  
 
It is expected that edge effect phenomenon appears closed to the borders of the 
plate, but it is necessary to evaluate it to obtain knowledge about this phenomena 
in a finite beam. 
 
The following figure shows the influence of edge effect along the X axis. It can be 
seen that edge effect starts at 0.1275 m, which means that there is an edge 
effect of 0.0525 m. Maximum temperature difference between one dimensional 
model and three dimensional model is set to 1°C. On e dimensional solution can 
be extended to the region of the plate which is none affected by the edge effect 
phenomenon. The width of the plate which is placed on the left of the boundary 
black line can be compared with one dimensional temperature distribution. Part 
of the thick which is on the right side, is affected by edge effect phenomena. 
 
 
Fig. 84. Edge effect in X axis of the 3D model 
 
The following figure represents the same result with the same orientation of the X 
axis: 
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Fig. 85. Edge effect in X axis of the 3D model 
 
Moreover, the same procedure was followed to check edge effect phenomena 
along the Y axis: 
 
 
Fig. 86. Edge effect in Y axis of the 3D model 
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The following figure represents the same result with the same orientation of the X 
axis: 
 
 
Fig. 87. Edge effect in Y axis of the 3D model 
 
The same edge effect distance is registered along the Y axis, 0.0525 m. 
Therefore, behavior of the plate along the two axes is the same. One dimensional 
solution can be extended to the region of the plate which is none affected by the 
edge effect phenomenon, which is the region on the left side of the boundary 
(black line). 
 
Then, the diagonal line which goes from the centre of the plate to one corner was 
also evaluated, in order to know edge effect influence in the region closed to the 
corner. As it was seen in axes X and Y, edge effect boundaries of both axes 
should cross in a point of the plate. 
 
6. Modelisation and its results 
100 
 
Fig. 88. Edge effect in the diagonal of the 3D model 
 
As can be seen, width of edge effect phenomenon is larger than in X or Y axis, 
which means that in the region closed to the corner edge effect appears in a 
wider range of values. 
 
The following figure gives a vertical view of the plate were can be seen the 
influence of edge effect. 
 
 
Fig. 89. Vertical view of the edge effect 
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As it can be seen, the effect of the finite beam in the region closed to the corner 
is notorious. It can be noticed that the curved distribution of boundary dots of 
edge effect phenomenon is related to the increased edge effect in the diagonal. It 
value is set at 0.12253 m. This plot is made by the evaluation of 49 dots along 
the two axes. The Y vector is formed by the first 24 values of edge effect 
distances along the Y axis in the plate until the maximum temperature difference 
in the diagonal, which is dot number 25. Rest of the values is related to the 
calculation step along the X axis. The X vector is formed by the first 24 values 
related to the calculation step along the Y axis until the X coordinate of the 
boundary limit in the diagonal line. Rest of the values is related to the edge effect 
distances along the X axis. 
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7 Conclusions 
 
Manufacturing of thick-walled is complex procedure where different keys should 
be taken into account. The highest quality of the manufactured part needs to be 
achieved. A fully cured resin plate and homogeneous values should be achieved 
in order to go further on this research. 
 
Seven experiments were run at the laboratory and good results were obtained 
with a low deviation, only two of them are out of bounds. The program 
MainFileFITCURE_FITK.m gives a correct agreement between experimental and 
model solution, which means that is a valid value. The average value of thermal 
conductivity has a low standard deviation and compared with results obtained by 
other researchers in different research programs, is comparable. 
 
Because of this value is not fixed during the whole experiment, some models 
were used to evaluate this value. On each MATLAB program, a new calculation 
of the thermo physical parameters is done, taking into account values of 
transverse and longitudinal thermal conductivity. All these variations are taken 
into account before running the simulations, which means that results with good 
agreement are obtained. 
 
The effect of the cure cycle in the calculation of thermal conductivity was studied 
in main point 3.4, where can be seen that high values of cure temperatures along 
the plateau in the profile yield high values of thermal conductivity. 
 
Solutions obtained by the process of modelisation with COMSOL Multiphysics, 
gives some conclusions about the influence of different design parameters. For 
the one dimensional model, the MVF increment yields values of higher peak 
temperature during the overshoot related to the exothermic reaction. Taking into 
account maximum available values for the mould, the maximum MVF for a 
standard 25 mm thickness plate can be obtained, which is 0.7. Should by noted 
that possible range of values for the MVF is between 0.3 and 0.7. 
 
The increase of the thickness plate shows and increment on the peak 
temperature during curing reaction and also in the time to reach this maximum 
temperature, which makes the manufacturing time longer. 
 
Edge effect phenomenon is evaluated in the two and three dimensional models. 
It increases its influence with the thickness of the plate for a flat shaped part. 
 
Evaluating the curvature of the plate and its influence in the design parameters, 
some relations where found with the peak temperature. It increases with the 
minimum radius. The temperature difference between the one dimensional model 
and the curved shape depends on the evaluated part of the thickness. On the left 
side of the thickness (inner radius side of the curved part), profile temperatures 
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that belong to the two dimensional solution are higher than in the one 
dimensional distribution. If the evaluation moves along the through-thickness to 
the outer radius, one dimensional temperature distributions become higher than 
the two dimensional temperatures. 
 
For the 2 dimensional solution, the variation of the heat rate in the applied cure 
cycle introduces a small variation in the peak temperature. Edge effect increases 
with the increment of the initial heat rate. 
 
For the study of the influence of cure temperature, a big variation in the peak 
temperature is obtained, as it happened for the one dimensional model. The 
same phenomenon happens with the edge effect. 
 
The simulations for different thermal conductivity ratio K t
K l
 values were carried out 
to generate knowledge of its influence in the manufacturing process. If transverse 
thermal conductivity decreases edge effect tends to increase, but no big 
differences can be obtained. Therefore, peak temperature increases also in short 
steps. 
 
For T-shaped structures, the evaluation of peak temperatures during its 
manufacturing process is one of the most important objects of study. The centre 
of the T-joint, where the 3 beams and linked, is where maximum temperatures 
values are registered. Values of higher temperatures around 10°C more are 
measured at the centre of the T-shaped. As well, edge effect influence starts 
before for the same thickness than in a flat infinite plate. 
 
Having a look into the solutions given by the COMSOL Solver, a “complex” color 
barcode appears at the centre region, this is the critical part of the T-joint body. 
 
For the three dimensional model, influence of edge effect was evaluated along 
the whole plate in X and Y axis. This phenomenon appears in both axes with the 
same width, which is wider than in the flat shape. The diagonal gives values of 
edge effect influence closer to the centre point, which means that there is a 
curvature in the edge effect boundary line in the corners. This phenomena should 
be taken into account because affects to the integrity of the plate and its final 
quality. 
 
Resin transfer moulding manufacturing process for thick-walled composites can 
generate high quality parts, taking into account restrictions as cure cycle, cure 
temperature, MVF and thickness of the manufactured part.
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8 Future work 
 
The future of composites in industry is infinite. On these days, composites are 
widely used in several fields, especially in automotive and aerospace industry. 
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9 Appendix 1. SSE and thermal diffusivity 
calculation 
 
On this chapter, the simulations run with Matlab program to obtain the minimum 
value of Sum of Square Error and its related thermal diffusivity value are going to 
be showed. 
9.1 Simulation 090717 
 
Time boundaries are explained below: 
 
- Start Point Heating for 
curing: 90 min 
- Start Point Curing: 107 
min 
- End Point Curing: 183 min 
 
Program is calculating the SEE 
for the three different regions. 
With those time values, region 
bounds are set. 
 
 
 
                                 Fig. 90 
 
The curve of SSE values obtained along the curing period is the following: 
 
0 50 100 150 200 250 300 350
0
50
100
150
200
250
MEASUREMENT POINT: data090717
Time [min]
Te
m
pe
ra
tu
re
 
[°C
]
 
 
Bottom Quarter Middle Three-quarter Top
9. SEE and termal diffusivity calculation 
106 
100 110 120 130 140 150 160 170 180
100
150
200
250
ENLARGED: CURING
Time [min]
Te
m
pe
ra
tu
re
 
[°C
]
1.4 1.5 1.6 1.7 1.8 1.9 2 2.1
x 10-7
0
200
400
600
800
Minimum @ α = 1.7016e-007 [m2 s-1]
Thermal diffusivity [m2 s-1]
SS
E 
[K
2 ]
 
Fig. 91 
The minimum value of α  is obtained at: 
 
2 11.7016 007 [ ]e m sα −= −  
 
Also, a SSE curve was obtained during the cool down. Thermal diffusivity value is 
a little bit lower, 2 11.5567 007 [ ]e m sα −= − : 
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9.2 Simulation 091029 
 
 
 
 
Simulation run on the 29th of 
October in 2009 gives the following 
results: 
 
 
- Start Point Heating for curing: 
140min 
- Start Point Curing: 164 min 
- End Point Curing: 283 min 
 
 
 
                              Fig. 93 
 
The study of curing region gives a value of thermal diffusivity for the minimum 
SSE of 2 11.9894 007 [ ]e m sα −= − . Following figure shows the curve of SSE values: 
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Also, for the cool down region, the solution has this appearance: 
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Calculation of thermal diffusivity related to the minimum value of SSE gives the 
following result: 
 
2 13.2134 007 [ ]e m sα −= −  
9.3 Simulation 091104 
Below appears the profile temperature implement during the experiment run at 
the laboratory on 4th of November in 2009. 
 
 
- Start Point Heating for 
curing: 121 min 
- Start Point Curing: 156 min 
- End Point Curing: 305 min 
 
 
The curve obtained during the 
curing period is displayed below: 
 
 
 
 
                                Fig. 96 
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The cubic spine calculation gives a value for the thermal diffusivity 
of 2 -12.1843 007 [m s ]eα = − . 
 
Related to the cool down region of the experiment, the thermal diffusivity value 
generated is: 2 12.7225 007 [ ]e m sα −= −  
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9.4 Simulation 091110 
 
 
On this experiment, the profile 
experiment is as follows: 
 
 
- Start Point Heating for curing: 
150 min 
- Start Point Curing: 167 min 
- End Point Curing: 313 min 
 
 
 
 
                             Fig. 99 
As usual, two values for curing and cool down region were obtained. These 
figures show the results generated solving the program: 
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The value of thermal diffusivity during curing α  related to the lowest Sum of 
Square Error is: 
 
2 12.2319 007 [ ]e m sα −= −  
 
Also, the calculation for the cool down period gives a value of thermal diffusivity 
of: 2 12.7498 007 [ ]e m sα −= −  
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9.5 Simulation 091202 
For the experiment run on 2nd of December in 2009, the following figure shows 
the profile temperature: 
 
 
 
- Start Point Heating for 
curing: 98 min 
- Start Point Curing: 142 
min 
- End Point Curing: 1105 
min 
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The value of thermal diffusivity is: 2 11.2259 007 [ ]e m sα −= −  
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The curve related to the cool down for the SSE is displayed below: 
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Its thermal diffusivity value is: 2 12.6772 007 [ ]e m sα −= −  
 
9.6 Simulation 100216 
 
 
Profile temperature of this 
experiment has the following 
calculation bounds: 
 
- Start Point Heating for 
curing: 183 min 
- Start Point Curing: 237 
min 
- End Point Curing: 361 min 
 
No post-curing region can be 
found on that experiment. 
 
 
                               Fig. 105 
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The calculation along the curing region gives the following results: 
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The value of thermal diffusivity is: 2 -12.4824 007 [m s ]eα = −  
 
The curve obtained during the cooling down period is the following: 
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The minimum value of α  which makes the lowest error is: 
 
2 -12.3645 007 [m s ]eα = −   
9.7 Simulation 100223 
 
 
 
• Start Point Heating for 
curing: 126 min 
• Start Point Curing: 155 min 
• End Point Curing: 296 min 
 
 
 
 
 
 
 
 
                            Fig. 108 
 
The curve obtained during the curing period is the following: 
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The minimum value of α  which makes the lowest error is: 
 
2 -12.1296 007 [m s ]eα = −  
 
The curve obtained during the cooling down period is the following: 
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The minimum value of α  which makes the lowest error is: 
 
2 -12.566 007 [m s ]eα = −  
 
9.8 Simulation 100210: 
 
 
 
• Start Point Heating for curing: 
146 min 
• Start Point Curing: 195 min 
• End Point Curing: 299 min 
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The curve obtained during the curing period is the following: 
 
160 180 200 220 240 260 280
100
150
200
250
ENLARGED: CURING
Time [min]
Te
m
pe
ra
tu
re
 
[°C
]
1.8 2 2.2 2.4 2.6 2.8 3
x 10-7
1000
1500
2000
2500
Minimum @ α = 2.5679e-007 [m2 s-1]
Thermal diffusivity [m2 s-1]
SS
E 
[K
2 ]
 
Fig. 112 
 
The minimum value of α  which makes the lowest error is: 
 
2 -12.5679 007 [m s ]eα = −  
 
The curve obtained during the cooling down period is the following: 
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The minimum value of α  which makes the lowest error is: 
 
2 11.9659 007[ ]e m sα −= −  
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10 Appendix 2. Calculation of the fittest thermal 
conductivity 
 
On this appendix there is going to appear solutions given by the simulation with 
the program MainFileFITCURE_FITK.m, which is going to calculate the optimal 
thermal conductivity value of the composite material for each experiment run at 
the laboratory. Fittest K value is related to the minimum value of temperature 
difference between the model solution and the experimental solution. The range 
of temperature values evaluated along the profile temperature comprises almost 
the whole experiment, which means that the solution given has good 
approximation. 
 
10.1 Simulation 090717: 
 
Result obtained for the experiment 090717 is displayed below: 
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The optimal thermal conductivity value is 0.4 [ / ]W mK  and its error is 15641.0702. 
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10.2 Simulation 091029 
 
Result obtained for the experiment 091029 is displayed below: 
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The optimal thermal conductivity value is 0.5 [ / ]W mK  and its error is 14510.6747. 
 
10.3 Simulation 091104 
 
Result obtained for the experiment 091104 is displayed below: 
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The optimal thermal conductivity value is 0.52 [ / ]W mK  and its error is 
22309.5979. 
 
10.4 Simulation 091110 
 
Result obtained for the experiment 091110 is displayed below: 
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The optimal thermal conductivity value is 0.63 [ / ]W mK  and its error is 
11067.3135. 
 
10.5 Simulation 091202 
 
Result obtained for the experiment 091202 is displayed below: 
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The optimal thermal conductivity value is 0.31 [ / ]W mK  and its error is 
14238.5947. 
 
10.6 Simulation 100210 
 
Result obtained for the experiment 100226 is displayed below: 
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The optimal thermal conductivity value is 0.46 [ / ]W mK  and its error is 3368.8942. 
 
10.7 Simulation 100216 
 
Result obtained for the experiment 100226 is displayed below: 
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Fig. 120 
 
The optimal thermal conductivity value is 0.47 [ / ]W mK  and its error is 8104.3006. 
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